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ABSTRACT 
A major challenge in evolutionary biology is to understand the origin and maintenance of 
complex animal societies. Identifying the mechanisms involved in transitions from solitary to 
group living can shed light on the evolutionary processes through which sociality arises. Bees are 
a valuable group for studying social evolution because the common ancestor of all bees was 
solitary and the most extreme form of group living, eusociality, has evolved multiple 
independent times within the bees. Recent advances in genome sequencing and analysis 
technologies have opened up new research avenues for large-scale studies of molecular function 
and evolution in non-model species and I apply these new methods to the study of social 
evolution in bees and other social insects. In Chapter 1, I provide a detailed overview of the 
research included in this dissertation. Chapters 2 and 3 are aimed at identifying genetic changes 
associated with social evolution in insects. In Chapter 2, I review and synthesize current 
developments in molecular evolutionary analyses of social evolution in bees, wasps, ants and 
termites. In Chapter 3, I use comparative genomics to search for genes involved in convergent 
evolution of sociality using new genomic resources I developed for a set of 10 socially diverse 
bee species. This study identifies genes and biological processes that are evolving more rapidly 
in eusocial relative to non-eusocial lineages across three independent origins of eusociality. 
Chapters 4 and 5 focus on features of solitary bee development and behavior that may have 
facilitated the evolution of bee sociality. For this work, I developed genomic resources and 
experimental methods for a new model for the solitary ancestor of social bees, the alfalfa 
leafcutting bee Megachile rotundata. In Chapter 4, I test the hypothesis that social insect castes 
evolved from an ancestral groundplan regulating the expression of larval diapause. I found that 
the main regulator of caste determination, larval nutrition, also regulates diapause plasticity in M. 
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rotundata. Additionally, orthologs many of the genes that respond to nutritional manipulation in 
M. rotundata larvae are also involved in social bee caste determination. Moreover, royal jelly, 
the honey bee caste-determining substance, was able to induce diapause in M. rotundata and 
affects the expression of genes involved in DNA methylation just as it does in honey bees. I also 
show that larval nutrition can cause variation in M. rotundata female reproductive behavior 
under environmental conditions that may favor the evolution of sociality. Chapter 5 uses 
comparative transcriptomics to investigate how molecular mechanisms involved in eusocial 
behaviors may have evolved from a solitary ancestor. I collected brain gene expression profiles 
from M. rotundata associated with nesting phase and mating status. Nesting phase affects the 
expression of hundreds of genes while mating status affects very few genes. Orthologs of many 
of the genes associated with M. rotundata nesting phase have previously been shown to be 
associated with maturation, reproductive status, and brood care in eusocial bees and wasps, 
suggesting that these shared genes may have been involved in eusocial evolution. The work in 
this dissertation leverages the power of new genomic technologies and uses a comparative 
approach to provide new insights into mechanisms of social evolution. 
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CHAPTER 1: INTRODUCTION 
Cooperative group-living is one of the major evolutionary transitions of life on Earth 
(Maynard Smith and Szathmáry 1995) and eusocial insect societies, including ants, bees, wasps 
and termites, are considered to represent the most extreme form of this lifestyle (Wilson 1971). 
Most individuals in a eusocial insect colony belong to the functionally sterile “worker” caste, 
which forgoes personal reproduction to cooperatively care for the offspring of members of the 
reproductive “queen” caste. Much theoretical work has focused on understanding the selective 
pressures that can favor the evolution of eusociality, however little is known about the 
mechanisms through which eusocial species arise from solitary ancestors. The rise of powerful 
genomic tools and resources has facilitated new research approaches in this area, specifically in 
understanding the molecular basis of eusocial evolution (Toth et al. 2010, Gadau et al. 2012, 
Bloch and Grozinger 2011). My dissertation research takes a comparative approach using new 
genomic resources to elucidate mechanisms through which eusociality evolves in bees. Bees are 
an ideal group for understanding the evolution of sociality because the common ancestor of all 
bees was solitary, sociality has evolved more frequently in bees than in any other group, and bees 
exhibit a wide diversity of social lifestyles with variation in social group size, degree of caste 
specialization, and level of conflict over reproduction. 
I review recent advances in the identification of adaptive molecular changes involved in 
the origin and maintenance of eusociality in insects in Chapter 2. This review highlights the 
contribution of large-scale genome sequencing and analysis to our understanding of molecular 
mechanisms involved in eusocial evolution across independent origins of eusociality. I discuss 
how molecular studies have shed light on the role of five major biological processes in eusocial 
evolution: chemical signaling, brain development and function, immunity, reproduction, and 
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metabolism and nutrition. By comparing findings across studies and taxa, I conclude that, while 
there appear to be multiple molecular routes to eusociality, some are repeatedly involved in 
independently evolved eusocial lineages and may represent components of genetic toolkit for 
eusociality. 
In Chapter 3, I use a comparative genomics approach to identify genes involved in bee 
eusocial evolution. I searched for a molecular signature suggestive of adaptive evolution in the 
coding sequence of ~3600 genes from a set of socially diverse bee species that encompassed 
three independent origins of eusociality. This approach yielded a core set of genes showing a 
molecular signature of accelerated evolution in eusocial compared to to non-eusocial lineages 
suggesting a prominent role for these genes in eusocial evolution. I also identified distinct sets of 
genes evolving rapidly only in particular types of eusocial lifestyles indicating that there may be 
multiple molecular routes to eusociality in bees. Aggregating the results highlighted genes 
involved in several biological processes, including carbohydrate metabolism and gland 
development, that exhibit a disproportionate amount of rapid molecular evolution in eusocial 
bees, suggesting that these biological processes may play an important role in bee eusocial 
evolution. 
Chapters 4 and 5 address a current impediment to studies of eusocial evolution, which is 
a lack of knowledge about the solitary ancestors of eusocial species (Bloch and Grozinger 2011). 
Whereas much progress has been made in dissecting the molecular mechanisms involved in 
social insect traits, little is known about how related mechanisms operate in related solitary 
species. I develop new genomic resources and experimental methods for a commercially 
managed pollinator, the solitary alfalfa leafcutting bee (Megachile rotundata), as a model for the 
solitary ancestor of social bees. 
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Chapter 4 focuses on understanding how castes evolve in eusocial bees. I test the 
hypothesis that the mechanisms regulating caste determination arose from mechanisms involved 
in diapause plasticity in a solitary ancestor (Hunt et al. 2007). Using field surveys of larval 
provision size in natural nests and manipulations of larval diet in the laboratory, I show that a 
main regulator of caste determination, larval nutrition, regulates diapause plasticity in M. 
rotundata. Furthermore, orthologs of many genes responsive to nutritional manipulation in M. 
rotundata larvae are involved in caste determination in the honey bee Apis mellifera. These 
results suggest that common mechanisms underlie caste determination in eusocial bees and 
diapause plasticity in solitary bees. 
In Chapter 4 I also found that rearing M. rotundata larvae on manipulated diets 
containing the honey bee caste-determining substance, royal jelly, decreases adult body weight, 
increases the probability of diapause and affects the expression of genes involved in DNA 
methylation. These results support recent findings in A. mellifera that royal jelly has epigenetic 
functions (Spannhoff et al. 2011). They also suggest that royal jelly-mediated caste 
determination may have evolved through manipulation of ancestral molecular pathways in 
solitary bees involved in methylation and diapause regulation. Finally, I used behavioral 
observations to investigate the effects of larval nutrition on female reproductive behavior. I 
found that nutritional influences on diapause status and body weight can result in variation in 
nesting success under environmental conditions that may favor the evolution of eusociality. 
Chapter 5 uses comparative transcriptomics to investigate the evolution of brain gene 
expression patterns involved in eusocial behaviors. I collected brain gene expression profiles of 
M. rotundata females associated with nesting phase and mating status. Hundreds of genes were 
differentially expressed due to nesting phase, but very few were differentially expressed due to 
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mating status. I compared the set of genes associated with reproductive status in M. rotundata to 
genes involved in maturation, reproductive status, and brood care in eusocial bees and wasps. I 
found significant overlaps between the M. rotundata gene list and a subset of the eusocial gene 
lists associated with each context. This result suggests that some molecular pathways associated 
with solitary bee reproduction may have been involved in the evolution of eusocial behaviors 
across independent origins of eusociality. 
The research in this dissertation advances our knowledge of mechanisms involved in 
eusocial evolution in bees and other social insects. This work also highlights the value of using 
genomic tools in a comparative framework to understand the evolution of complex traits at the 
molecular level.  
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CHAPTER 2: MOLECULAR EVOLUTIONARY ANALYSES OF INSECT SOCIETIES1 
 
 
ABSTRACT 
 
The social insects live in extraordinarily complex and cohesive societies, where many 
individuals sacrifice their personal reproduction to become helpers in the colony. Identifying 
adaptive molecular changes involved in eusocial evolution in insects is important for 
understanding the mechanisms underlying transitions from solitary to social living, as well as the 
maintenance and elaboration of social life. Here, we review recent advances made in this area of 
research in several insect groups: the ants, bees, wasps, and termites. Drawing from whole-
genome comparisons, candidate gene approaches, and a genome-scale comparative analysis of 
protein-coding sequence, we highlight novel insights gained for five major biological processes: 
chemical signaling, brain development and function, immunity, reproduction, and metabolism 
and nutrition. Lastly, we make comparisons across these diverse approaches and social insect 
lineages and discuss potential common themes of eusocial evolution, as well as challenges and 
prospects for future research in the field. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1Chapter 2 was published in Proceedings of the National Academy of Sciences in 2011: 
Fischman BJ*, Woodard SH*, Robinson GE (2011) Molecular Evolutionary Analyses of Insect 
Societies. Proc. Natl. Acad. Sci. USA 108 Suppl 2:10847-54. 
 
*These authors contributed equally to this work. 
 
Author contributions: BJF, SHW, and GER wrote the paper. 
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INTRODUCTION 
The social insects are exemplars of cooperative group living. Within their complex 
societies, there is a reproductive division of labor in which only a small number of individuals 
reproduce, whereas all other individuals belong to a functionally sterile worker caste that 
specializes in tasks important for colony growth and development (Wilson 1971). Although there 
has been much theoretical research on the evolutionary forces that may select for eusociality 
(Strassman and Queller 2007, Nowak et al. 2010), less is known about the actual molecular 
mechanisms involved in transitions from solitary to social living and in the maintenance and 
elaboration of eusociality in insects (Smith et al. 2008).  
The social insects provide a powerful comparative framework for investigating 
mechanisms involved in eusocial evolution. Eusociality has arisen independently at least 12 
times in the insects (Cameron and Mardulyn 2001, Brady et al. 2006, Hines et al. 2007, Cardinal 
et al. 2010), and eusocial insects have all converged on the following three characteristics: 
reproductive division of labor, cooperative brood care, and overlapping generations (Michener 
1974). Additionally, despite sharing this core set of traits, there are many differences among 
eusocial lifestyles, which may be related to ecological, phylogenetic, or other factors specific to 
particular eusocial lineages (Wilson 1971). By comparing across social insect lineages, it is 
possible to both search for common mechanisms of eusocial evolution and explore how 
eusociality evolves under different conditions.  
Analysis of adaptive evolution at the molecular level can yield great insights into the 
mechanisms underlying the evolution of complex phenotypes, such as eusociality. Genomic 
sequence provides a molecular record of how natural selection has shaped an organism’s 
evolutionary history (Clark 2006). Several methods have been developed for comparing genes 
and genomes to identify molecular signatures of adaptation. These methods were largely 
developed during the pregenomic era (Li 1997) but gain enormous power when large genomic 
datasets are available, particularly for sets of closely related and phenotypically variable species 
(Clark et al. 2003, Drosophila 12 Genomes Consortium 2007). For example, comparisons of 
primate genomes have identified adaptive genetic changes involved in the evolution of brain size 
in humans (Pollard et al. 2006), and comparisons of drosophilid genomes have shed light on the 
ecological pressures that shaped speciation in this group (Clark et al. 2003).  
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Here, we review some of the first contributions of molecular evolutionary research to our 
understanding of eusocial evolution in insects. This research has focused on the most well-
studied social insects, which include several eusocial lineages within the order Hymenoptera, the 
ants, bees, and wasps, and the one eusocial lineage in the order Blattodea, the termites (Figure 
2.1). Some studies have performed targeted molecular evolutionary analyses of candidate genes 
that have been particularly valuable in species for which large amounts of genomic sequence are 
not yet available. Others have focused on comparative analyses of whole-genome sequence, 
which is currently available for six social insects, the honey bee, Apis mellifera (Honey Bee 
Genome Sequencing Consortium 2006), plus five ant species (Bonasio et al. 2010, Wurm et al. 
2011, Smith CR et al. 2011, Smith CD et al. 2011), and for many solitary insects, including three 
solitary hymenopterans in the parasitoid jewel wasp genus, Nasonia (Werren et al. 2010).  
We also draw heavily from our own recent genome-scale study of protein-coding 
sequence evolution in bees (“bee molecular evolution study”). This study analyzed ∼3,600 genes 
from a set of 10 social and nonsocial bee transcriptomes; these species encompass three 
independent origins of eusociality (Woodard and Fischman et al. 2011). Hundreds of genes were 
identified that exhibit a molecular signature of rapid evolution associated with sociality, defined 
as a higher ratio of nonsynonymous-to-synonymous nucleotide substitutions (dN/dS) in social 
relative to nonsocial bee lineages (Woodard and Fischman et al. 2011). Throughout this review, 
evidence for rapid evolution is based on relative dN/dS and positive selection is defined as dN/dS > 
1, unless otherwise specified.  
Genes identified in these studies are listed in Table 2.1. The insights gained from these 
studies have implications for understanding how evolutionary changes in the following five 
major biological processes might be involved in the evolution of eusociality: chemical signaling, 
brain development and function, immunity, reproduction, and metabolism and nutrition. We 
discuss evidence and predictions for the putative functional effects of identified molecular 
changes in these processes on social phenotypes. We also speculate on the potential adaptive 
significance of these molecular changes and consider whether these changes evolved in response 
to the origin, maintenance, or elaboration of eusociality, because each case likely involved a 
distinct set of selective forces. For the purposes of interpreting and synthesizing results across 
multiple studies, we present each process separately, but it is important to recognize that these 
biological processes may evolve in concert and that some molecular changes could potentially 
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affect multiple processes. We end with a discussion of future prospects and challenges for this 
young field. 
 
Chemical Signaling 
Social insects use pheromones to coordinate the behavior and physiology of colony 
members, such as directing the foraging activity of nestmates, reinforcing dominance status, and 
inhibiting ovary development in workers (Le Conte and Hefetz 2008). It is unknown whether 
chemical signaling was important during the origins of eusociality, because other mechanisms to 
mediate social interactions, such as physical interactions, serve similar functions in some social 
insect societies (Wilson 1971). However, chemical signaling is certainly involved in the 
maintenance and elaboration of eusociality because it is crucial for the coordination and control 
of colony members. In humans, in whom vocalization is a major component of social 
communication, molecular signatures of adaptation have been detected in genes underlying both 
the production (Enard et al. 2002) and perception (Clark et al. 2003) of vocal signals. Early 
studies in social insects suggest that analogous changes have occurred in the molecular 
machinery underlying the production and perception of chemical signals.  
 
Gland Development. Our bee molecular evolution study identified ∼200 genes evolving more 
rapidly in social relative to nonsocial bee lineages (Woodard and Fischman et al. 2011). Gene 
ontology enrichment analysis revealed that this set of genes was enriched for genes involved in 
gland development. This supports a role for these genes in chemical signaling, because glands 
are the primary organs involved in pheromone production in insects. Moreover, the evolution of 
complex chemical signaling in the social insects has been associated with the diversification of 
the gland repertoire (Wilson 1971).  
In other organisms, modular evolution, in which semiautonomous genetic pathways 
evolve as a functional unit and are reused in multiple contexts, appears to be a common 
evolutionary mechanism involved in morphological diversification (Wagner et al. 2007). The 
sequence changes identified in genes involved in gland development in social bees may have 
caused modular changes to the gland development program, resulting in functional changes to 
existing glands or the appearance of entirely new glands. This is supported by the evidence that 
several of these genes (decapentaplegic, thickveins, and PDGF- and VEGF-related factor 1) 
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have specific roles in gland patterning during early development in Drosophila (Bradley et al. 
2003, Harris et al. 2007).  
Because diversification of gland function is a common characteristic shared by all social 
insects, it would be fruitful to investigate the sequence evolution and function of these genes in 
other social insect groups. It is possible that molecular changes in the same or similar genes were 
involved in gland evolution across other independent eusocial lineages.  
 
Odorant Receptors. Given the diversity of chemical signals used by social insects, odorant 
receptor genes (ORs) have been predicted to be important targets of selection during eusocial 
evolution (Robertson and Wanner 2006). Early support for this prediction was found in the 
genome of the honey bee, A. mellifera, which, at the time of its publication, contained the largest 
number of ORs yet found in an insect genome (Honey Bee Genome Sequencing Consortium 
2006). However, as more insect genomes have been sequenced, it has been discovered that A. 
mellifera has an intermediate number of ORs, there is significant variation in OR number 
between the five ant genomes (Bonasio et al. 2010, Wurm et al. 2011, Smith CR et al. 2011, 
Smith CD et al. 2011), and several solitary insect genomes have among the most ORs found in 
insects so far (Engsontia et al. 2008, Robertson et al. 2010). Thus, the evidence no longer 
supports an association between sociality and expansion of the OR repertoire. Furthermore, 
studies in other organisms have revealed that ORs can function combinatorially and that 
bioinformatically predicted ORs may not all produce functional proteins, which, together, 
suggest that the number of ORs in a genome may not scale with the complexity of chemical 
communication in a species (Nei et al. 2008).  
As a result of their functional specificity, ORs are particularly good targets for candidate 
gene studies, because the adaptive significance of OR evolution may be easier to interpret than 
for genes with broader functions (Nei et al. 2008). A functional genomics approach was used to 
identify a novel OR in the A. mellifera genome, AmOr11, which responds to the main component 
of the honey bee queen pheromone, (E)-9-oxo-2-decenoic acid (9- ODA) (Wanner et al. 2007). 
The queen pheromone attracts workers to the queen, partially inhibits worker ovary 
development, and acts as a sex pheromone, among other functions (Wanner et al. 2007). The 
specific molecular characteristics of AmOr11 that are involved in the perception of 9-ODA are 
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not yet known, but it appears that it arose early in Apis evolution (Plettner et al. 1997, Cruz-
Lopez et al. 2005, Urbanova et al. 2008).  
 
Termite Queen Pheromone. Neofem2 is the first gene discovered in termites that is involved in 
signaling queen presence to workers. It was originally identified as being up-regulated in female 
neotenic “replacement” reproductives relative to other colony members in two species of 
Cryptotermes termites (Weil et al. 2009). Knocking down Neofem2 in Cryptotermes secundus 
queens using RNAi caused an increase in aggressive behavior among workers, which is typically 
only exhibited under queenless conditions (Weil et al. 2009). Based on sequence similarity, 
Neofem2 is most closely related to a β- glycosidase expressed in the salivary glands of the 
termite Neotermes koshunensis (Korb et al. 2009). β-glycosidases are enzymes that break down 
polysaccharides; in wood-dwelling termites, such as N. koshunensis and C. secundus, whose diet 
primarily consists of rotting bark, these enzymes are important for breaking down cellulose 
(Tokuda et al. 2002). It has thus been suggested that Neofem2 evolved from a wood-digesting 
enzyme to pheromone (Korb et al. 2009). Supporting this speculation, β-glycosidases exhibit 
pheromonal activity in other insects, including the production of an egg recognition signal in 
another termite species (Korb et al. 2009). The specific molecular changes that have occurred in 
Neofem2 as it evolved this new social function remain to be discovered. The story of Neofem2 
highlights the importance of considering the ecological context of social evolution in a given 
lineage, because the origin of a social pheromone from a wood-digesting enzyme is almost 
certainly a phenomenon specific to the wood-dwelling termites.  
 
General protein-9 in Fire Ants. General protein-9 (Gp-9) alleles are strongly associated with 
variation in queen number in fire ants (genus Solenopsis). In monogynous (single queen) 
colonies, all females are homozygous for B-type alleles and will not tolerate the presence of 
multiple queens, whereas in polygynous (multiple queens) colonies, some individuals possess b-
type alleles and do accept multiple queens but only if those queens also posses the b-type allele 
(Gotzek and Ross 2009). Gp-9 has been called a “green beard gene” (Keller and Ross 2005), 
because workers carrying one allele favor queens that share the same allele. Molecular 
phylogenetic analyses of Gp-9 both within and across Solenopsis species have revealed that the 
b-like alleles form a monophyletic clade, suggesting that monogyny was the ancestral condition 
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in the genus and that polygyny arose once and has been maintained through multiple speciation 
events (Krieger and Ross 2005, Gotzel et al. 2007).  
At the protein sequence level, Gp-9 most closely resembles odorant-binding proteins 
(OBPs), which are expressed in chemosensory sensilla lymph and bind and transport soluble 
odorants (Gotzek and Ross 2009). These results have led to the suggestion that Gp-9 is an OBP 
that plays a role in pheromonal communication in fire ants (Gotzek and Ross 2009). However, 
Gp-9 is ubiquitously expressed in the hemolymph, suggesting it may be involved in functions 
that are unrelated to chemosensation (Leal and Ishida 2008). In addition, Gp-9 is found in a 
genomic region with a low recombination rate; therefore, other linked genes in the region may 
potentially have more influence on the regulation of queen number (Krieger and Ross 2005, 
Gotzek and Ross 2009). Gp-9 alleles are also associated with variation in several life history 
traits in Solenopsis queens, including body fat and dispersal behavior (Gotzek et al. 2007), 
suggesting that Gp-9 either acts pleiotropically or with other genes in the region.  
Although the function of Gp-9 is unresolved, molecular evolutionary analyses suggest 
that this gene is evolving adaptively, implying that Gp-9 played an important role in fire ant 
evolution. A signature of positive selection was detected in the branch leading to the b-like allele 
clade (Krieger and Ross 2005), suggesting that this allele had an adaptive benefit when it arose. 
In addition, all b-like alleles share the same amino acid residues at three diagnostic codon 
positions, and two of these positions show evidence of positive selection in Solenopsis invicta, 
the species in which it has been best studied (Gotzel et al. 2007).  
 
Brain Development and Function 
Some of the most striking differences between social and solitary insects are behavioral. 
Several social insect behaviors appear to be truly novel, such as symbolic dance communication 
in honey bees and slave making in ants (Wilson 1971). Other behaviors exhibited by social 
insects appear to be modified forms of behaviors performed by solitary insects, for example, 
social foraging, which resembles nest provisioning in solitary insects. It is likely that molecular 
changes affecting nervous system development and function were important in the evolution of 
social insect behaviors, but very little is currently known.  
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Brain Evolution in Primitively Eusocial Bees. Our bee molecular evolution study detected a 
strong signal of rapid evolution in brain-related genes in primitively eusocial, but not highly 
eusocial lineages across two independent origins of each lifestyle (Woodard and Fischman et al. 
2011). Among these rapidly evolving genes were dunce and nejire, two genes that mediate 
learning and memory in invertebrates and vertebrates through cAMP/CREB signaling pathways 
(Silva et al. 1998).  
The detection of molecular changes in brain-related genes exclusively in primitively 
eusocial bee lineages is perhaps surprising, given that this finding is not what may have been 
predicted by a prominent hypothesis about the relationship between sociality and brain evolution 
in vertebrates, the social brain hypothesis (SBH). Originally developed to explain the evolution 
of the enlarged neocortex in many social vertebrates, the SBH posits that the cognitive demands 
of social living are a strong selective force in brain evolution (Dunbar and Shultz 2007). Given 
that highly eusocial bee societies have larger colony sizes, greater social complexity, and novel 
behaviors (i.e., dance communication in honey bees) relative to primitively eusocial bees, one 
might have assumed that the cognitive demands of social living are strongest in highly eusocial 
species and lead to stronger selection on brain-related genes.  
Unique features of insect sociality and the primitively eusocial lifestyle may help to 
explain why selection on brain evolution appears to have been stronger in the primitively 
eusocial bees. First, unlike in vertebrate social evolution, where there has been an emphasis on 
increased individual cognitive abilities, there appears to have been an emphasis on increased 
connectedness among colony members in insect social evolution, often accompanied by a 
reduction of individual behavioral repertoires (Oster and Wilson 1979, Gronenberg and Riveros 
2009). Therefore, individual cognitive abilities may not be correlated with group size in social 
insects, as has been found in vertebrates. There are also several distinguishing features of the 
primitively eusocial bee lifestyle that may have placed unique selective pressure on brain 
evolution in these lineages. Social structure in primitively eusocial bee colonies is typically 
maintained through fluid and dynamic dominance hierarchies (Michener 1974, O’Donnell et al. 
2007), which can be an especially cognitively challenging form of social interaction (O’Donnell 
et al. 2007, Salvador and Costa 2009). In addition, a primitively eusocial bee queen is capable of 
behaving both solitarily, as she does during the colony-founding phase of her lifecycle, and 
socially, as she does once she has reared her first brood of workers (Michener 1974).  
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In both ants and wasps, which each evolved eusociality independent of bees, there are 
some species in which queens exhibit a similar “solitary-like” phase during colony founding and 
other species that found colonies in swarms, like highly eusocial bees do (Wilson 1971). A 
comparison of brain-related genes and/or brain structure in ant and wasp species that do or do not 
establish colonies solitarily may provide clues as to whether this trait is a strong force in social 
insect brain evolution. One study in paper wasps reported brain region volume differences 
between swarm and independent founding species, suggesting that these differences in colony 
founding can affect brain evolution (Molina et al. 2009).  
 
Immunity 
Pathogens and parasites are thought to have been a strong selective force challenging the 
maintenance of sociality in a variety of organisms, including social insects (Wilson-Rich et al. 
2009). Crowded living conditions, often with closely related individuals, facilitate pathogen 
transmission (Wilson-Rich et al. 2009). Social insects appear to have responded to this 
potentially dissolutive selective pressure in three main ways (Viljakainen and Pamilo 2008). The 
first way is through “social immunity,” which refers to group level defenses, such as hygienic 
behaviors and the use of collected antimicrobial resins for lining nest cavities (Wilson-Rich et al. 
2009). The second way is through increasing intracolonial genetic diversity via multiple mating 
by queens (Tarpy and Seeley 2006) and high rates of genetic recombination (Smith et al. 2008) 
to enhance colony-level disease resistance. The third way is through adaptive evolution of 
immune genes (Viljakainen and Pamilo 2008).  
Molecular evolutionary analyses of immune genes have provided some of the best 
examples of positive selection acting in social insect genomes. This may be partly attributable to 
the fact that immune systems, in general, are often at the forefront of an ongoing evolutionary 
arms race with pathogens; thus, selection pressure on immune-related genes is typically quite 
strong (Lazzaro 2008). In addition, many immune-related genes are functionally well-
characterized (Hoffmann 2003), facilitating interpretations of the adaptive significance of 
sequence changes.  
 
Immune Gene Evolution in Hymenoptera. When the first social insect genome was sequenced, 
that of A. mellifera, researchers were intrigued by the low number of immune genes found in A. 
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mellifera relative to other fully sequenced insect genomes: those of the Diptera, Drosophila 
melanogaster and Anopheles gambiae (Honey Bee Genome Sequencing Consortium 2006). 
Although the main components of canonical immune pathways are conserved, the A. mellifera 
genome contains smaller numbers of gene family members at all points along these pathways 
(Evans et al. 2006). It was hypothesized that the loss of immune genes was facilitated by novel 
forms of social immunity in social insects, resulting in relaxed constraint on immune genes 
(Evans et al. 2006). However, as more insect genomes have been sequenced, it has become 
apparent that sociality is not necessarily predictive of immune gene number. Rather, it seems that 
dipterans have unusually large immune gene repertoires, whereas the recently sequenced ant 
genomes (Bonasio et al. 2010, Wurm et al. 2011, Smith CR et al. 2011, Smith CD et al. 2011); 
the solitary wasps, Nasonia (Werren et al. 2010); and the solitary pea aphid, Acyrthosiphon 
pisum (International Aphid Genomics Consortium 2010) have similar numbers of immune genes 
as A. mellifera (Evans et al. 2006).  
By contrast, molecular evolutionary analysis of individual immune genes in social 
Hymenoptera has provided evidence that sociality has driven immune gene sequence evolution. 
One study revealed that some immune genes are evolving more rapidly in species of honey bees, 
bumble bees, and ants relative to Drosophila (Viljakainen et al. 2009). This study also showed 
that immune genes are evolving more rapidly than nonimmune genes in several honey bee 
species. Similarly, genes related to innate immunity and humoral immunity were among the 
fastest evolving (based on branch lengths in phylogenetic trees inferred from protein sequence) 
in A. mellifera in a comparison of over 3,000 genes among A. mellifera, Nasonia, and their 
common ancestor (Werren et al. 2010). Additionally, evidence for positive selection has been 
detected in the antimicrobial protein defensin in a study comparing the sequence of 27 ant 
species (Viljakainen and Pamilo 2008). This study revealed that the signal and propeptide 
regions of defensin, which are cleaved off to activate the mature peptide, are evolving neutrally, 
whereas the active region of the peptide is under positive selection, including one amino acid site 
thought to mediate antimicrobial activity. Our bee molecular evolution study did not detect a 
strong signal of selection on immune genes, but that was likely because these classes of genes 
were underrepresented in our dataset (Woodard and Fischman et al. 2011).  
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Immune Gene Evolution in Termites. A study of the termite defensin-like gene, termicin, in 11 
Nasutitermes termite species revealed that this gene has duplicated repeatedly during 
Nasutitermes radiation and that positive selection has driven a divergence in the molecular 
charge of the gene copies (Bulmer and Crozier 2004). Insect defensins are known to function by 
disrupting bacterial plasma membranes, and experimental evidence suggests that molecular 
charge may be a crucial component of this activity (Bulmer and Crozier 2004). It was 
hypothesized that there is a selective advantage to having two termicins with different charge 
properties at specific sites (Bulmer and Crozier 2004). In support of this hypothesis, results from 
this study suggest that ancestral termicins had relatively high positive charges and that in species 
in which there has been a gene duplication event, positive selection has driven a decrease in 
charge for one of the copies. Sequence analysis revealed a strong positive correlation between 
the strength of selection (dN/dS) and the change in molecular charge along different termicin 
lineages. Additionally, three amino acid sites that show a signature of positive selection have 
substitutions at these sites that contribute to a charge change, and they fall on the external surface 
of the predicted protein structure, suggesting that these sites may interact with a fungal 
membrane receptor (Bulmer and Crozier 2004).  
A different study of 13 Nasutitermes termite species also found evidence that gene 
duplication and positive selection are involved in termite immune gene evolution (Bulmer and 
Crozier 2006). This study focused on genes encoding Gram-negative bacterial-binding protein 1 
and 2 (GNBP1 and GNBP2), which are thought to have duplicated early in termite evolution, 
and the transcription factor relish, which induces production of antimicrobial peptides in 
Drosophila. All three genes show evidence of positive selection, with relish showing the 
strongest signal. Four of the five positively selected sites in relish are in a “spacer” region of the 
protein that is cleaved by the caspase Dredd. This cleavage is thought to activate relish by 
generating a DNA-binding Rel homology domain that translocates to the nucleus and binds to 
promoters of target genes (Stoven et al. 2003). Analysis of the Drosophila simulans ortholog also 
found positive selection in this spacer region (Bulmer and Crozier 2004). It was hypothesized 
that microbial pathogens may be targeting this region of relish to prevent its activation, sparking 
an evolutionary arms race as relish evolves counterresponses to maintain its normal function 
(Bulmer and Crozier 2004). Another study found evidence of positive selection in termicin but 
not in GNBP2 in two Reticulitermes termite species, a genus distantly related to the Nasutitermes 
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genus (Bulmer et al. 2010). This study used a population genetics approach to analyze 
intraspecific polymorphism and interspecific divergence in coding sequence, and results 
indicated that termicin underwent a selective sweep driven by positive selection for beneficial 
amino acid changes.  
 
Reproduction 
In many insect societies, queens are highly reproductive individuals, whereas workers 
perform almost no reproduction activity. Worker sterility is achieved through a variety of 
morphological, behavioral, and physiological mechanisms in social insects (Wilson 1971). For 
example, in many social species, workers lack spermatheca for sperm storage. In addition, ovary 
development is tightly regulated by social cues, and queens and workers typically have grossly 
over and underdeveloped ovaries, respectively, relative to solitary insects (Wilson 1971). 
Sociality also has strong implications for reproductive behavior, particularly for mating 
frequency, which can affect genetic variation among colony members.  
 
Ovary Development in Primitively Eusocial Bees. Our bee molecular evolution study 
identified some genes involved in ovary development evolving most rapidly in primitively 
eusocial bees (Woodard and Fischman et al. 2011). Although both highly and primitively 
eusocial bee societies have a strong reproductive division of labor, the reproductive differences 
between queen and worker in primitively eusocial species are less extreme, and ovary 
development appears to be more sensitive to social cues in primitively eusocial species (Wilson 
1971). Perhaps the molecular changes in ovary development-related genes found only in the 
primitively eusocial lineages underlie some of the unique characteristics of the reproductive 
biology of this eusocial lifestyle.  
Several genes (i.e., tudor, capsuleen, vasa) evolving rapidly in one or both of the 
primitively eusocial bee lineages interact together in the PIWI RNA (piRNA) pathway. The 
piRNA pathway is expressed only in gametic tissue, and it is involved in regulating gametic cell 
division and differentiation (Siomi et al. 2010). Functional PIWI genes have recently been 
discovered in A. mellifera (Liao et al. 2010), suggesting that the piRNA pathway is present and 
functional in bees. These genes are particularly good candidates for further study, because the 
tissue specificity of the piRNA pathway suggests that selection on these genes is specifically 
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directed at changes related to reproductive processes, in contrast to genes with broader ranges of 
tissue expression, where the functional target of selection is harder to infer. Additional ovary 
development-related genes unrelated to the piRNA pathway also showed a signature of rapid 
evolution in these primitively eusocial bees (Woodard and Fischman et al. 2011).  
 
Sex Determination and complementary sex determiner in Honey Bees. More is known about 
the evolution of complementary sex determiner (csd) in honey bees than probably any other gene 
in the social insects. The story of csd involves the origin of entirely new genes and pathways, as 
well as a classic example of balancing selection. Sex determination in honey bees is based on 
genotype at the csd locus; individuals heterozygous at the csd locus develop into females, 
whereas hemizygous individuals develop into males (Beye et al. 2003). Sex determination in 
many Hymenoptera is probably determined through a similar single-locus system of 
complementary sex determination (Cook 1993), but csd is the first and only locus that has been 
discovered thus far. The genomic region containing csd was first identified through mapping 
(Beye et al. 2003), and the function of the gene was confirmed by RNAi, which showed that 
reducing csd expression in genetically female eggs results in male-like development 
(Hasselmann et al. 2008a). Complementary sex determination not only regulates sex 
determination but influences many aspects of social insect biology that are influenced by kinship 
and degrees of relatedness, including kin selection and the genetic composition of colonies, 
which are important for division of labor and colony immunity (Smith et al. 2008).  
csd appears to be a honey bee-specific gene because it has been found in multiple Apis 
species (Hasselman et al. 2008b) but not outside of the genus (Hasselmann et al. 2008a). The 
gene likely evolved through the duplication of an adjacent gene, feminizer (fem). csd and fem are 
similar (>70%) in amino acid sequence, and both are serine/arginine-rich proteins, a class of 
proteins involved in RNA splicing (Hasselmann et al. 2008a). Both genes share two major 
domains, but csd has an additional hypervariable region located between these other domains 
(Hasselmann et al. 2008a). fem has been found in several non-honey bee species and in Nasonia 
wasps, but not in any additional insect species, suggesting that it evolved sometime before the 
split between the hymenopteran superfamilies Apoidea and Chalcidoidia ∼140 Mya but after the 
split from Drosophila ∼300 Mya (Hasselmann et al. 2008a). fem shares some functional and 
sequence similarities to transformer (tra), a gene involved in sex determination in Drosophila, 
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and it perhaps evolved from an ancestral form of tra common to fly and bee lineages (Beye et al. 
2003, Hasselmann et al. 2008a). RNAi experiments were used to show that csd acts upstream of 
fem in the sex determination pathway. Genetically female embryos treated with fem RNAi 
develop male heads, and RNAi knockdowns of csd cause male-specific fem splicing, suggesting 
that csd is involved in fem splicing (Hasselmann et al. 2008a).  
csd has been subject to rigorous population genetic analysis. Because homozygous males 
do not reproduce, it was predicted that there would be strong negative frequency-dependent 
selection at the csd locus (Hasselmann et al. 2008b). This prediction has been upheld, because at 
least 15 different csd alleles have been found in natural populations around the world in three 
different Apis species (Hasselmann et al. 2008b) and the gene has accumulated 10- to 13-fold 
more mutations than the rest of the genome (Hasselmann et al. 2008b). Pairwise nonsynonymous 
differences between alleles are highest in exons 6 and 7 (Hasselmann et al. 2008b), suggesting 
that this region is a target of positive selection, and is therefore presumably functionally 
important. Six fixed amino acid differences between csd and fem are located in the coiled-coil 
domain, which is important in protein binding (Hasselmann et al. 2008a). Strong positive 
selection was detected on the branch right after the split between the two genes, suggesting that 
positive selection played a role in their diversification (Hasselmann et al. 2008a).  
 
Metabolism and Nutrition 
Transcriptomic analyses have shown that nutritional and metabolic pathways play an 
important role in queen-worker caste determination in every eusocial insect lineage thus far 
studied and also contribute to worker-worker division of labor in many species (Smith et al. 
2008). Given these fundamental connections to eusociality, nutritional and metabolic pathways 
are well-studied in social insects and several molecular evolutionary studies have identified 
changes associated with their function.  
 
Major Royal Jelly Proteins. The evolution of the Major Royal Jelly Proteins (MRJPs) in honey 
bees is an excellent example of novel genes playing an integral role in the social biology of a 
species. In the honey bee, A. mellifera, the developmental fate of female larvae is determined by 
the amount of royal jelly they consume (Kamakura 2011). Royal jelly is a protein- and lipid-rich 
substance secreted from the hypopharyngeal glands of brood-feeding “nurse” bees and fed to 
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larvae, which triggers endocrine and epigenetic events that lead to the development of either a 
worker or a queen (Lyko et al. 2010, Kamakura 2011). The main components of royal jelly are 
the MRJPs. The A. mellifera genome contains 10 mrjp genes, encoding 9 MRJPs (one mrjp is a 
pseudogene). These genes are arranged in tandem in the genome, have high sequence similarity 
(∼60%) to one another, and have a conserved intron/exon structure, suggesting that they are a 
fairly young gene family (Drapeau et al. 2006). There is evidence that mrjp genes are also 
present in other Apis species (Drapeau et al. 2006, Yu et al. 2010).  
The mrjp gene family in A. mellifera appears to have evolved via a gene duplication 
event from a member of the yellow gene family. The cluster of mrjp genes in the A. mellifera 
genome is flanked by members of the yellow gene family, and one of the flanking yellow genes, 
yellow-e3, shares the characteristic intron/ exon structure of the mrjp genes, suggesting that it is 
their progenitor (Drapeau et al. 2006). Members of the yellow gene family are involved in 
pigmentation, reproductive physiology, and courtship behavior in insects (Ferguson et al. 2011).  
The use of mrjp genes for larval feeding appears to be a derived social trait that is unique 
to honey bees. Although mrjp-like genes have been found in other social and nonsocial 
Hymenoptera species, evidence suggests that the yellow gene family is prone to duplication and 
that the mrjp-like genes in non-Apis species evolved independent of Apis (Werren et al. 2010, 
Smith CD et al. 2011). Furthermore, there is no evidence of a food-related role for any mrjp-like 
or yellow-like gene outside of Apis (Ferguson et al. 2011). Because many other social insect 
species manipulate larval nutrition for the purposes of caste determination without the use of 
specialized glandular secretions (Webster and Peng 1988), the evolution of the mrjp genes in 
honey bees appears to be associated with the elaboration of eusociality and may have been 
correlated with or dependent on other evolutionary changes, such as changes in gland function.  
 
Hexamerins. The work done on the termite hexamerins is another excellent example of linking 
genetic changes to protein function and social phenotype. In the lower termites, workers may 
develop into either reproductives or soldiers, depending on a number of social and environmental 
cues, and differentiation into the soldier caste is induced by high juvenile hormone (JH) titers 
(Zhou et al. 2007). RNAi studies in the termite Reticulitermes flavipes have shown that two 
hexamerin genes, Hex-1 and Hex-2, are involved in the regulation of this caste determination 
(Zhou et al. 2006). In many insects, hexamerins act as storage proteins that sequester substances 
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from the diet and release them when food is scarce or inaccessible, such as during early 
development (Zhou et al. 2007). It has been hypothesized that Hex-1 and Hex-2 work together to 
regulate caste differentiation in termites via direct interactions with JH (Zhou et al. 2006); 
however, elucidating the specific molecular mechanisms involved in JH action is a difficult 
challenge in insects in general (Riddiford 2008).  
Molecular evolutionary studies of Hex-1 and Hex-2 provide clues as to how these genes 
may interact with JH. Relative to 100+ known Hex genes in other insects, both termite Hex genes 
have distinctive insertions in their coding regions; the unique insertion in Hex-1 contains a 
prenylation motif with a proposed function in JH binding, and the unique insertion in Hex-2 
shares sequence similarities to the well-characterized blowfly (Calliphora vicina) hexamerin 
receptor (Zhou et al. 2006). Consistent with these predicted functions, follow-up experiments 
demonstrated that the Hex-1 protein has strong binding affinity for JH and the Hex-2 protein 
shows strong membrane affinity, as would be expected for a receptor protein (Zhou et al. 2006).  
Hexamerins also exhibit novel social functions in other social insect species, suggesting 
that they may be particularly prone to social co-option. Evidence in honey bees (Martins et al. 
2010) and Polistes wasps (Hunt et al. 2010) suggests that hexamerins may be important in caste 
determination in these social insect lineages, and in ants, hexamerins appear to be have been 
important in the evolution of elaborated life history characteristics (Wheeler and Buck 1995).  
 
JH, Insulin, and Vitellogenin Axis. In the highly eusocial honey bee, A. mellifera, the JH and 
insulin/insulin-like growth factor-1 (IIS) signaling pathways, as well as the yolk protein 
precursor vitellogenin (vg), interact with one another and function in novel ways that are 
important in multiple social contexts. JH does not function as a gonadotropin in adult honey bees 
as it does in most insects; instead, it plays a strong role in caste determination and worker 
division of labor (Robinson and Vargo 1997). The IIS signaling pathway interacts with JH and is 
also involved in worker division of labor. Foragers exhibit higher expression of genes in the IIS 
pathway in the brain relative to nurses, and down-regulating IIS signaling delays the age-related 
transition from nursing to foraging (Ament et al. 2008). This represents a reversal of the 
traditional positive relationship between high nutrition and IIS signaling, because foragers are 
nutritionally deprived relative to nurses (Ament et al. 2008). Vg also shows novel social 
functions in honey bees. It is highly expressed in some workers, although they are largely 
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nonreproductive; it may be used by nurses in the synthesis of royal jelly (Amdam et al. 2003); 
and it functions as an antioxidant that may be involved in promoting longevity in queen bees 
(Corona et al. 2007).  
The molecular changes underlying these novel functions of JH, IIS, and Vg are unknown, 
but insights from solitary insects may provide clues as to what these changes may be. The 
relationship between genetic variation and regulation of JH titers has been particularly well-
studied in crickets and butterflies (Zera et al. 2007), molecular evolution and function of the IIS 
pathway have been investigated across the complete genomes of 12 Drosophila species 
(Alvarez-Ponce et al. 2009, Gronke et al. 2010), and insect Vgs and their receptors are well-
characterized at the molecular level (Sappington and Raikhel 1998).  
 
Carbohydrate Metabolism. Several studies in bees suggest that the evolution of the highly 
eusocial lifestyle involved molecular changes in genes related to carbohydrate metabolism. Our 
bee molecular evolution study revealed that genes involved in carbohydrate metabolism are 
evolving more rapidly in eusocial relative to noneusocial bee lineages and are evolving most 
rapidly in highly eusocial lineages (Woodard and Fischman et al. 2011). In particular, 15 genes 
encoding glycolytic enzymes showed evidence of rapid evolution in eusocial lineages, including 
enzymes that play a key regulatory role (e.g., phosphofructokinase) or are involved in glycolytic 
flux (e.g., hexokinase, pyruvate kinase) (Kunieda et al. 2006). Analysis of protein sequence 
evolution of genes with queen-biased brain gene expression in A. mellifera found that queen-
biased genes involved in metabolism, including carbohydrate metabolism, were among the most 
rapidly evolving (based on branch lengths in phylogenetic trees inferred from protein sequence) 
relative to orthologs from several solitary insects (Hunt et al. 2010). Comparative analysis of the 
genome sequences of A. mellifera, D. melanogaster, and A. gambiae suggest that there may also 
have been bee-specific changes in gene copy number for carbohydrate-metabolizing genes 
(Kunieda et al. 2006). Given that carbohydrate metabolism is such a fundamental 
“housekeeping” process, it is not immediately clear why there has been unique selective pressure 
on these processes in highly eusocial bee lineages. Here, we offer three speculative hypotheses.  
First, increases in the flight demands of highly eusocial bees may have placed strong 
selective pressure on increasing efficiency of glycolytic enzymes, because carbohydrates are the 
main fuel for flight in bees (Suarez et al. 2005). The individual foraging activity of highly 
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eusocial bee workers appears to be higher than for solitary bees (Roubik 1992), although, to the 
best of our knowledge, no direct comparisons of highly and primitively eusocial bee foraging 
activity have been performed.  
Second, highly eusocial bees are unique in relying exclusively on a diet of modified 
stored sugars (i.e., honey) for long periods of time. Nest thermoregulation during winter months 
is completely reliant on honey stores as a fuel source to sustain workers, who shiver to produce 
metabolic heat to maintain optimal hive temperature (Southwick and Heldmaier 1987). Perhaps 
these differences in diet have placed some novel selective pressure on glycolytic enzymes in 
highly eusocial lineages.  
Third, perhaps the greatly extended life span of queens in highly eusocial species evolved 
through changes in metabolism-related genes, including those involved in carbohydrate 
metabolism. A connection between reduced metabolic rate and increased life span has been 
shown in many species (Finkel and Holbrook 1987). In the honey bee, A. mellifera, queens 
exhibit an age-related reduction in IIS signaling (Corona et al. 2007) that regulates carbohydrate 
metabolism. If the molecular changes in carbohydrate metabolism genes in highly eusocial bees 
were attributable to selection for extended queen life span, it can be predicted that similar 
molecular changes may also be found in independent social insect lineages that also exhibit 
extended queen life spans (Wilson 1971).  
 
Prospects and Challenges 
Recent work on molecular evolutionary changes in social insects has identified specific 
genes, molecular pathways, and biological processes that appear to have been shaped by natural 
selection. Some of these changes can be plausibly associated with the origins, maintenance, or 
elaboration of eusociality, albeit speculatively.  
Two insights emerge from this review. First, it appears that there have been unique 
genetic changes in different social insect lineages, suggesting that the multiple independent 
occurrences of eusociality have involved multiple molecular routes. These differences may 
reflect distinct ecological or other constraints for each lineage. For example, the evolution of a 
queen pheromone in termites from a wood-digesting enzyme seems fitting, given that many 
termite societies live in rotting wood (Korb et al. 2009).  
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Second, genetic changes also have occurred in similar biological functions across diverse 
species of social insects. This supports the concept of a genetic toolkit for eusociality (Toth and 
Robinson 2009). This concept is reasonable, because despite the striking diversity among social 
insect species, they all have converged on a similar suite of traits, which are the defining 
characteristics of eusociality (Michener 1974). Previous research suggesting components of a 
genetic toolkit for eusociality has focused on genes and molecular pathways that are associated 
both with solitary and related social behaviors in insects, for example, the foraging gene, which 
is involved in feeding behavior in Drosophila and a variety of other solitary organisms, and 
social foraging behavior in honey bees and ants (Toth et al. 2009). Transcriptomic studies have 
also identified shared sets of genes whose expression patterns are associated with division of 
labor in independent social insect lineages (Toth et al. 2010).  
The molecular evolutionary studies we reviewed identify biological processes and 
specific genes that may be excellent systems in which to investigate the concept of a genetic 
toolkit for eusociality further. Among the most promising are the following:  
i) Hexamerins. As discussed above, hexamerins have been shown to be involved in queen 
physiology and other social traits in a variety of social insects, and the work on Hex-1 and 
Hex-2 in termites demonstrates how hexamerin sequence evolution can be studied and linked 
to social traits.  
ii) Gland development genes. The rapidly evolving gland development genes identified in our 
bee molecular evolution study (Woodard and Fischman et al. 2011) are also good candidates 
for further study, because the gene functions are relatively well-characterized and gland 
diversification is a universal phenomenon in social insect evolution.  
iii) Brain-related genes. The rapidly evolving brain-related genes identified in primitively 
eusocial lineages in our bee molecular evolution study (Woodard and Fischman et al. 2011) 
are prime candidates for further study in primitively eusocial bees, as well as in ant and wasp 
species that share the primitively eusocial bee lifestyle feature of solitary nest-founding.  
 
The molecular changes and biological processes highlighted in this review are currently 
the most well-studied in social insects. There are almost certainly other equally important types 
of molecular changes and biological processes associated with social insect evolution that have 
not yet been discovered, perhaps because of the limited range of taxa subjected to these type of 
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analyses thus far. This gap in our knowledge is largely attributable to a lack of genomic 
resources, especially for closely related social and nonsocial species. For example, some types of 
genetic changes, such as chromosomal rearrangements and patterns of DNA methylation, are not 
possible to study with only fragments of the genome. In addition, the identification of truly novel 
genes is limited by the small sample size of available genomes and less well-developed forward 
genetic analyses in social insects relative to model genetic organisms. As these limitations are 
overcome, it should be possible to search more broadly for different types of genetic changes 
associated with the evolution of eusocial traits. These analyses can be guided by several 
theoretical models that have been proposed to predict the types of genetic changes that are most 
important in social evolution (Nonancs and Kapheim 2008, Linksvayer and Wade 2009, Johnson 
and Linksvayer 2010).  
Whole-genome scans for molecular signatures of adaptive evolution specific to social 
insects will be particularly useful for generating new hypotheses and implicating new biological 
processes in social insect evolution. Candidate gene approaches across a broad sample of social 
and nonsocial insects will allow for greater accuracy in reconstructing the phylogenetic history 
of molecular changes and testing their associations with social evolution. Once specific sequence 
changes are identified, functional analyses are necessary to determine their effect on protein-, 
organismal-, and group-level phenotypes, as well as the adaptive significance of the phenotype 
change (Dean and Thornton 2007).  
This leads us to raise one important caveat for most molecular evolutionary studies in the 
social insects: the lack of species-specific information about gene function. As is often the case, 
gene function in this paper is typically inferred from orthology to the fruit fly D. melanogaster, 
which shared a common ancestor with eusocial insect lineages over 300 Mya (Honeybee 
Genome Sequencing Consortium 2006). Although gene function for molecular processes is 
generally highly conserved over evolutionary time, when interpreting findings, it is important to 
consider the possibility that a particular gene has evolved a novel function. Furthermore, many 
genes have multiple functions; thus, the target of selection can be difficult to infer solely from 
identifying molecular evolutionary changes. Experimental approaches to determining gene 
function in social insects, via RNAi and transgenesis, will strengthen the interpretation of 
molecular evolutionary findings. Additional challenges arise in determining the adaptive or 
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ecological significance of molecular changes, even when their functional significance is 
understood (Feder and Mitchell-Olds 2003).  
Despite these challenges, molecular evolutionary analysis of social insect societies holds 
promise for testing venerable theories of social evolution using genomic data. Multiple 
evolutionary scenarios have been proposed as potential routes to group living in insects. These 
include the composition of incipient social groups, such as associations between mothers and 
offspring (the “subsocial” route) or between related and unrelated individuals of the same 
generation (“semisocial” route) (Michener 1974); mechanisms through which altruism is 
achieved, such as kin selection (Strassman and Queller 2007); parental manipulation of offspring 
or voluntary helpers at the nest (Charnov 1978); and necessary preadaptations for social living, 
such as a monogamous mating system (Hughes et al. 2008) or progressive provisioning of 
offspring (Nowak et al. 2010). Wedding this rich theory with genome-scale molecular 
evolutionary analysis and functional experimentation holds the promise of finally answering the 
compelling question of how eusociality evolved in insects. 
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FIGURES AND TABLES 
 
Figure 2.1. Cladogram showing the origins of eusociality in insects. Topology and 
reconstruction of evolutions of eusociality are based on multiple studies (Cameron and Mardulyn 
2001, Brady et al. 2006, Hines et al. 2007, Cardinal et al. 2010) 
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Table 2.1. Genes implicated in the origin or maintenance of insect society by molecular 
evolutionary research. Although many genes in this table are presumably involved in multiple 
biological processes, they are classified in one of five processes with known links to insect 
sociality: chemical signaling, brain development and function, immunity, reproduction, and 
metabolism and nutrition. References. 1: Bradley et al. 2003; 2: Harris et al. 2007 3: Woodard 
and Fischman et al. 2011; 4: Wanner et al. 2007; 5: Weil et al. 2009; 6: Korb et al. 2009; 7: 
Gotzek and Ross 2009; 8: Keller and Ross 1998; 9: Krieger and Ross 2005; 10: Gotzek et al. 
2007; 11: Leal and Ishida 2008; 12: Silva et al. 1998; 13: Viljakainen and Pamilo 2008; 14: 
Bulmer and Crozier 2006; 15: Bulmer and Crozier 2010; 16: Bulmer and Crozier 2006; 17: 
Siomi et al. 2010; 18: Beye et al. 2003; 19: Hasselman et al. 2008a; 20: Hasselman et al. 2008b; 
21: Drapeau et al. 2006; 22: Zhou et al. 2007; 23: Zhou et al. 2006; 24: Kunieda et al. 2006.   
Gene Function Evidence Type of 
change* 
Chemical signaling     
decapentaplegic Gland development (1, 2)  Rapid evolution in eusocial bees (3) 1 
thickveins Gland development (1, 2)  Rapid evolution in eusocial bees (3) 1 
PDGF- and VEGF-related   factor 1 Gland development (1, 2)  Rapid evolution in eusocial bees (3) 1 
AmOr11 Odorant receptor (4) Responds to main component of queen 
honey bee pheromone, 9-ODA (4) 
2 
Neofem 2 β-glycosidase-like (5, 6) Involved in signaling queen termite 
presence (5, 6) 
3 
GP-9 Putative odorant binding protein   
(7-11) 
Allelic variation associated with fire ant 
queen number (7-11) 
1, 2 
Brain development and function    
dunce cAMP/CREB signaling pathways 
(12). 
Rapid evolution in primitively eusocial 
bees (3) 
1 
nejire CREB binding protein (12). Rapid evolution in primitively eusocial 
bees (3) 
1 
Immunity     
defensin Antimicrobial protein (13) Positive selection in ants (13) 1 
termicin Antimicrobial protein (14, 15) Gene duplication, positive selection in 
termites (14, 15) 
1, 2 
Gram-negative bacterial-binding 
protein 1 and 2 
Pattern recognition receptors (16) Gene duplication, positive selection in 
termites (16) 
1, 2 
relish Transcription factor, induces 
production of antimicrobial  
peptides (16) 
Positive selection in termites (16) 1 
Reproduction     
tudor piRNA pathway (17) Rapid evolution in primitively eusocial 
bees (3) 
1 
capsuleen piRNA pathway (17) Rapid evolution in primitively eusocial 
bees (3) 
1 
vasa piRNA pathway (17) Rapid evolution in primitively eusocial 
bees (3) 
1 
complementary sex determiner Sex determination (18-20) Gene duplication, positive selection in 
honey bees (18-20) 
1, 2 
Metabolism and nutrition     
Major Royal Jelly Proteins Main components of royal jelly  
(21) 
Gene family expansion, novel feeding-
related functions in honey bees (21) 
2 
Hex-1 and Hex-2  Storage proteins (22, 23) Unique insertions in termites (22, 23) 1 
phosphofructokinase Key regulator of glycolysis (24) Rapid evolution in eusocial bees (3) 1 
hexokinase Regulator of glycolyitic flux (24) Rapid evolution in eusocial bees (3) 1 
pyruvate kinase Regulator of glycolyitic flux (24) Rapid evolution in eusocial bees (3) 1 
*Type of change: 1 = protein coding sequence change; 2 = novel gene; 3 = change unknown	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CHAPTER 3: GENES INVOLVED IN CONVERGENT EVOLUTION OF 
EUSOCIALITY IN BEES 
 
 
ABSTRACT 
 
Eusociality has arisen independently at least 11 times in insects. Despite this convergence, there 
are striking differences among eusocial lifestyles, ranging from species living in small colonies 
with overt conflict over reproduction to species in which colonies contain hundreds of thousands 
of highly specialized sterile workers produced by one or a few queens. Although the evolution of 
eusociality has been intensively studied, the genetic changes involved in the evolution of 
eusociality are relatively unknown. We examined patterns of molecular evolution across three 
independent origins of eusociality by sequencing transcriptomes of nine socially diverse bee 
species and combining these data with genome sequence from the honey bee Apis mellifera to 
generate orthologous sequence alignments for 3,647 genes. We found a shared set of 212 genes 
with a molecular signature of accelerated evolution across all eusocial lineages studied, as well 
as unique sets of 173 and 218 genes with a signature of accelerated evolution specific to either 
highly or primitively eusocial lineages, respectively. These results demonstrate that convergent 
evolution can involve a mosaic pattern of molecular changes in both shared and lineage-specific 
sets of genes. Genes involved in signal transduction, gland development, and carbohydrate 
metabolism are among the most prominent rapidly evolving genes in eusocial lineages. These 
findings provide a starting point for linking specific genetic changes to the evolution of 
eusociality. 
 
 
 
 
 
1Chapter 3 was published in Proceedings of the National Academy of Sciences in 2011: Woodard 
SH*, Fischman BJ*, Venkat A, Hudson ME, Varala K, Cameron SA, Clark AG, Robinson GE. 
Genes Involved in Convergent Evolution of Eusociality in Bees. Proc. Natl. Acad. Sci. USA. 
108:7472-7. “Supplement” in dissertation refers to supplemental data for publication. 
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INTRODUCTION 
The evolution of eusociality, the phenomenon in which female offspring forgo personal 
reproduction to care cooperatively for their siblings, is one of the major transitions of life on 
Earth (Maynard Smith and Szathmary 1995). This evolutionary transition has occurred multiple 
times, but only in a small number of lineages, primarily in the insects (11 or more times; Wilson 
and Holldobler 2005). The evolution of eusociality has long fascinated biologists because it 
requires that the balance between cooperation and conflict shift in favor of cooperation, despite 
strong selective pressure for individual reproductive success (Darwin 1859).  
Despite a rich history of theoretical work on the evolution of eusociality (Queller 1992, 
Nowak et al. 2010), relatively little is known about the molecular changes associated with 
eusocial evolution (Smith et al. 2008). These molecular changes have the potential to inform us 
about the evolutionary processes involved in the evolution of eusociality, such as types and 
levels of selection (Wong 2010). Some insights have been gained about molecular mechanisms 
underlying eusociality in individual eusocial lineages (Smith et al. 2008), but a broad 
comparative framework for exploring common principles of the molecular basis of eusocial 
evolution is lacking. One major unresolved question is whether independent evolutionary 
trajectories of eusociality involved similar or different genetic changes.  
We explored the genetic basis of eusocial evolution in bees, an ideal group for 
comparative studies of social evolution. There is a wide diversity of social lifestyles within this 
group, from solitary to intermediately social to elaborate eusociality (Michener 1974). 
Additionally, eusociality has been gained independently at least six times (Cameron and 
Mardulyn 2001, Danforth et al. 2006, Schwarz et al. 2007, Cardinal et al. 2010) in the bees, more 
than in any other group. These features make it possible to compare multiple, independent 
origins of different social lifestyles among relatively closely related species. Furthermore, the 
extensive knowledge of bee natural history (Wilson 1971, Michener 1974, Roubik 1992) 
provides a valuable framework for developing hypotheses about the adaptive significance of 
genetic changes detected in eusocial bee lineages.  
To study patterns of molecular evolution associated with eusociality in bees, we 
generated ~1 Gbp of expressed sequence tags (ESTs) from a set of nine bee species (Table 3.S1). 
This set of species reflects the remarkable social diversity in bees by including eusocial and non-
eusocial species; three origins of eusociality (Cameron and Mardulyn 2001, Schwarz et al. 
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2007); and two different forms of eusocial lifestyle, “highly eusocial” and “primitively eusocial” 
(Michener 1974; Figure 3.1A). We combined the ESTs with genome sequence from the highly 
eusocial honey bee Apis mellifera (HBGSC 2006), and created manually curated, 10-species, 
partial gene sequence alignments. We searched among the alignments for genes with accelerated 
rates of amino acid substitution in eusocial relative to non-eusocial lineages. Accelerated rates of 
protein evolution can reflect a molecular signature of positive natural selection (Yang and 
Bielawski 2000), and shared patterns of acceleration among lineages can suggest an association 
between genetic changes and the evolution of shared traits.  
 
METHODS 
Bee Collection and Sequencing. Bees used for sequencing were free-flying or collected from 
nests. They were placed directly into liquid nitrogen for RNA preservation. Different ages, 
behavioral groups, and castes (when applicable) were used to maximize transcript diversity. 
RNA was extracted from brains and abdomens of 50+ females per species. Pooled mRNA (90% 
brain, 10% abdomen) was sequenced by 454 Life Science/Roche on the GS-FLX platform. Most 
transcripts in the genome are expressed in the brain (Lein et al. 2007); abdomen tissue was added 
to enhance transcript discovery for reproduction-related processes. Additional information about 
collections, RNA extractions, and sequencing is provided in SI Text.  
 
EST and Alignment Assembly. EST reads were assembled by using Phrap to generate species-
specific, nonredundant contigs and singletons. A. mellifera gene models were obtained from 
BeeBase (Official Honey Bee Gene Set; http://genomes.arc.georgetown.edu/drupal/beebase/). 
For each species, the assembled ESTs were matched to the A. mellifera gene models. Orthology 
was determined by using the reciprocal best BLAST hit. Gapped orthologreference- guided 
transcript assemblies (GOTAs) were created by concatenating the top reciprocal hits and 
trimming the overlaps. Multiple sequence alignments were then created by using MAFFT 
software (Katoh et al. 2002). All alignments were manually inspected in Geneious (Drummond 
et al. 2010), and ambiguous regions were masked from further analyses. Additional information 
about ortholog assignment and editing is provided in SI Text.  
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Phylogeny. Nucleotide sequences for 3,647 protein-coding EST gene fragments were aligned 
(Katoh et al. 2002), edited manually (Drummon et al. 2010), and modified to include fragments 
containing no gaps for any of the 10 taxa. Gene fragments of length >100 bp were concatenated, 
and the resulting inframe nucleotide alignment (n = 717 gene fragments; 69,461 bp total) was 
analyzed with Bayesian inference in MrBayes (v3.1.2 MPI (parallel) version for unix clusters) 
(Ronquist and Huelsenbeck 2001) under the substitution model GTR + I + G; amino acid 
translation analyses were run by using the JTT fixed-rate model. Figure 3.1 shows the consensus 
of the Bayesian posterior distribution of phylogenetic trees from analysis of third codon positions 
(Figure 3.S1). The consensus trees based on all, first, and second position nucleotide sites and 
amino acid sequence are reported in Figure 3.S1.  
 
Evolutionary Tests. We used the program codeml in the PAML package (Yang 2007) to fit our 
alignment data to branch models of codon substitution by maximum likelihood to identify 
differences in ω within the tree. For each test, the likelihoods of two models of evolution (neutral 
and nonneutral) were compared by using an LRT. Any genes with one or more branches with dS 
> 2 (n = 9) were considered to be saturated and were excluded from further analyses. To correct 
for multiple tests, we performed an FDR correction on nominal P values obtained from the 
LRTs.  
 
GO Enrichment Analysis. For functional analyses, we used a preexisting list of A. mellifera–D. 
melanogaster orthologs (HBGSC 2006). Orthologous fly sequences with annotation information 
were available for most (n = 3,451) genes in our dataset. Our GO analyses were performed by 
using the functional annotation tool on DAVID (Huang et al. 2009). Additional information 
about GO analysis is provided in SI Text.  
 
RESULTS 
Characterization of Alignments. Our alignments corresponded to ~33% of the genes (n = 
3,647; 3,638 after removal of alignments showing evidence of saturation) in the A. mellifera 
Official Gene Set (Dataset S1). To improve the utility of this genomic resource for evolutionary 
analysis, we used stringent criteria for assessing orthology to minimize misclassification of 
paralogous sequences within the alignments (SI Text). We also looked for functional biases in 
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the set of genes represented by our alignments by performing Gene Ontology enrichment 
analysis. We identified biological processes that were overrepresented and underrepresented in 
our set of genes relative to all genes in the A. mellifera Official Gene Set (Dataset S1).  
 
Phylogenetic Tree Inference from EST Data. We used Bayesian inference to estimate the 
phylogenetic relationships among bee species from our set of 3,638 alignments (SI Text). The 
phylogenetic tree inferred from third nucleotide positions was identical in structure to trees 
inferred in published studies that included greater taxonomic sampling (Cameron and Mardulyn 
2001, Schwarz et al. 2007, Cardinal et al. 2010; Figure 3.S1). A single, different topology was 
obtained by inferring phylogeny from the other nucleotide positions and from amino acid 
sequences (Figure 3.S1). We therefore performed all of our molecular evolutionary analyses 
using both tree topologies. Overall, tree topology had little effect on the results of our molecular 
evolutionary analyses (Table 3.S2), and the results reported here use the topology in Figure 3.1.  
 
Heterogeneous Patterns of Molecular Evolution Among Bee Lineages. We searched among 
the alignments for genes with accelerated rates of amino acid substitution in eusocial relative to 
noneusocial lineages. We performed two tests (Figure 2.1B and C) that used likelihood ratio tests 
(LRTs) to compare models of neutral and nonneutral sequence evolution to search for genes in 
which the ratio of nonsynonymous to synonymous nucleotide substitutions (dN/dS, or ω) is higher 
in specified groups of eusocial lineages. Test 1 identified genes in which ω is higher in all 
eusocial lineages as a group relative to non-eusocial lineages and did not discriminate between 
the highly and primitively eusocial lineages. Test 2 did so discriminate and identified genes in 
which ω is highest in either all primitively or highly eusocial lineages as a group relative to all 
other lineages. These tests are not mutually exclusive; a gene may be evolving more rapidly in 
all eusocial relative to non-eusocial lineages, as well as evolving most rapidly in either the highly 
or primitively eusocial lineages.  
Our tests of heterogeneous rates of protein evolution yielded a number of genes evolving 
differently between eusocial and non-eusocial lineages, and among eusocial lineages. For test 1, 
we found 212 out of 3,638 genes (6%) evolving significantly more rapidly in all eusocial 
lineages relative to non-eusocial lineages (“All Eusocial” gene list). For test 2, we found 173 
genes (5%) evolving most rapidly in highly eusocial lineages (“Highly Eusocial” gene list) and 
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218 genes (6%) in primitively eusocial lineages (“Primitively Eusocial” gene list), relative to 
other lineages (false discovery rate adjusted P < 0.05 in all three cases; Dataset S2). Table 3.1 
shows the most significant genes (based on P value) on each list. These results demonstrate that 
the pattern of genetic changes associated with eusocial evolution includes some common 
changes and some changes that are unique to the different eusocial lifestyles.  
 
Evaluation of Biases in Data. We explored the results of our tests to search for potential biases 
related to nucleotide composition or EST sequence coverage (SI Text). We used Spearman’s 
rank correlation to determine if the following characteristics of the sequence data were correlated 
with the P values from the LRTs: (i) average GC content at the third position; (ii) average overall 
GC content; (iii) transition/transversion ratio (kappa); and (iv) dN tree length. The gappiness of 
an alignment could introduce potential biases in our results (Wong et al. 2008, Schneider et al. 
2010), so we also looked for correlations between the P values from the LRTs and two metrics to 
assess coverage in our alignments: (i) gap percent (gapPCT), or the sum of the number of gaps in 
each sequence in an alignment divided by the sum of the total number of sites in all of the 
sequences in an alignment; and (ii) an alignment quality score (described in SI Text). Only a few 
of these characteristics of the data were significantly correlated (P < 0.05) with the P values of 
the LRTs, but all correlations were very weak (range of Spearman’s rho = −0.1–0.06, for all 
tests; Dataset S2).  
 
Biological Processes Evolving More Rapidly in Eusocial Relative to Non-Eusocial Bees. We 
performed Gene Ontology (GO) enrichment analyses based on orthology to Drosophila 
melanogaster to identify biological processes that were overrepresented on the All Eusocial, 
Highly Eusocial, and Primitively Eusocial gene lists. GO enrichment analysis accounts for the 
overrepresentation of categories present in our set of 3,638 genes, but the underrepresentation of 
some categories in this set is one explanation for why these categories may not have been 
enriched in our gene lists (Dataset S1). “Gland development” and “cell surface receptor-linked 
signal transduction” were among the terms overrepresented exclusively in the All Eusocial gene 
list (P < 0.05, all GO results; Dataset S2 and Table 3.S3).  
Carbohydrate metabolism-related categories were enriched in both the All Eusocial and 
Highly Eusocial gene lists, suggesting that these genes are evolving both more rapidly in 
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eusocial relative to non-eusocial lineages and also most rapidly in highly eusocial lineages 
(Figure 3.2A). Fifteen of the 26 genes encoding glycolytic enzymes in our dataset showed 
evidence of accelerated evolution in one or both of these lists (Figure 3.2B), including enzymes 
that play a key regulatory role (phosphofructokinase) or are involved in glycolytic flux 
(hexokinase, pyruvate kinase). Subsequent analyses (see Robustness of Results) revealed that 7 
out of these 15 genes appear to be evolving most rapidly in honey bees (genus Apis; SI Text). 
Two of the most rapidly evolving genes on the Highly Eusocial gene list encode glycolytic 
proteins (Table 3.1).  
Transcription-related categories were enriched in both the All Eusocial and Primitively 
Eusocial gene lists, but not in the Highly Eusocial gene list. This enrichment exclusively in the 
All Eusocial and Primitively Eusocial gene lists suggests a similar pattern to that seen with 
carbohydrate metabolism-related genes in the All Eusocial and Highly Eusocial gene lists, only 
here with an emphasis in primitively eusocial lineages.  
 
Lifestyle- and Lineage-Specific Patterns of Molecular Evolution. Some biological processes 
were enriched exclusively in either the Highly Eusocial or Primitively Eusocial gene lists and 
were not enriched in the All Eusocial gene list (Dataset S2 and Table 3.S3). For example, we 
detected a signature of accelerated evolution in brain-related functional categories in primitively 
eusocial bees, but not in highly eusocial bees.  
We performed an additional series of “lineage-specific” tests to identify genes evolving 
more rapidly in any individual eusocial lineages relative to all other lineages in our study (SI 
Text). We were specifically interested in whether lineages with the same eusocial lifestyle 
showed similar biological processes undergoing accelerated evolution, but via changes in unique 
sets of genes. We did find evidence for this pattern in some lineages. For example, genes related 
to reproduction are rapidly evolving in both primitively eusocial lineages, Bombini and 
Exoneura robusta, relative to all other lineages, but the actual genes in Bombini and E. robusta 
are largely different (Dataset S2).  
 
Robustness of Results. We performed an additional set of analyses to explore whether specific 
lineages may have contributed disproportionately to some of the results reported above. We 
performed “exclusion tests” in which we removed eusocial lineages from our alignments, one at 
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a time, and reran tests 1 and 2 to look for genes for which one species may have driven the 
pattern of accelerated evolution that we had detected previously (SI Text and Figure 3.S2). Given 
that the removal of lineages can also affect statistical power to detect accelerated evolution in a 
gene (Wong et al. 2004), we consider this analysis to be useful for highlighting our strongest 
results, but we do not believe that this analysis is sufficient to invalidate the results obtained 
using the full set of species.  
We created three new gene lists by removing the genes from the original All Eusocial, 
Highly Eusocial, and Primitively Eusocial gene lists whose significance appeared to have been 
driven by one eusocial lineage (SI Text and Dataset S3). GO enrichment analysis revealed that 
some of the trends identified in our analysis using all species (Figure 3.2 and Dataset S2) were 
not robust to the removal of lineages (Table 3.S3 and Dataset S3), including the enrichment of 
“gland development” in the All Eusocial gene list and the enrichment of transcription-related 
categories in the All Eusocial and Primitively Eusocial gene lists. Many biological processes 
were robust to the removal of lineages, including “cell surface receptor-linked signal 
transduction” in the All Eusocial gene list, carbohydrate metabolism-related categories in the All 
Eusocial and Highly Eusocial gene lists, and neuron differentiation-related categories in the 
Primitively Eusocial gene list.  
We performed an additional analysis to determine whether artificial groupings of species 
would lead to the same enriched biological processes as our groupings of eusocial and non-
eusocial lineages (SI Text). GO terms were enriched in the lists of significant genes derived from 
each artificial grouping (Dataset S3), but these terms were largely different from those obtained 
from our eusocial groupings. The finding of different enriched terms in this artificial grouping 
analysis provides additional support that our results truly relate to eusocial evolution.  
 
DISCUSSION 
We identified several hundred genes with a molecular signature of accelerated evolution, 
including some with a signature in all eusocial lineages in our study and some with a signature 
that was specific to a certain type of eusocial lifestyle or specific to individual lineages. 
Together, these results demonstrate that convergent evolution can involve a mosaic pattern of 
molecular changes in both shared and lineage-specific sets of genes.  
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Genes involved in gland development, signal transduction, and carbohydrate metabolism 
were among the most rapidly evolving genes identified in this study. These findings provide a 
starting point for linking specific genetic changes to the evolution of eusociality in bees, which 
will be an important challenge for the future. Major steps in this endeavor include determining 
the consequences of the changes in amino acid sequence for protein function, learning how 
changes in protein function affect a particular biological process, and then understanding how 
evolutionary changes in a particular biological process might affect traits associated with 
eusociality (Dean and Thornton 2007). Below, we provide some speculation for the biological 
processes highlighted in our findings.  
Genes associated with gland development appear to have been a strong target of selection 
during eusocial bee evolution. This is not surprising, because, relative to solitary insects, eusocial 
insects have remarkably diverse exocrine gland functions and produce many novel glandular 
secretions, including pheromones, brood food, and antimicrobial compounds (Wilson 1971, 
Michener 1974, Roubik 1992). Chemical signaling is a vital mechanism used to coordinate the 
behavior and physiology of colony members, and it is possible that at least some of the protein-
coding sequence changes identified here are related to the evolution of advanced systems of 
chemical communication found in social bees.  
Another category of genes that appear to have been a strong target of selection during 
eusocial bee evolution is genes involved in signal transduction. Signal transduction has been 
implicated in the regulation of behavior across disparate taxa (Ben-Shahar et al. 2002), and 
several genes on the All Eusocial gene list in this category have known roles in behavior and 
neuronal function, including metabotropic GABA-B receptor subtype 1 (Ament et al. 2008). Our 
results provide further evidence that signal transduction may be a general target of selection 
during behavioral evolution.  
Genes associated with carbohydrate metabolism appear to have been a particularly strong 
target of selection during eusocial bee evolution. Our finding of a shared pattern of accelerated 
evolution across all eusocial lineages in our study may reflect the fact that many eusocial bees 
rely more heavily on highly processed honeys in their diet than do non-eusocial species 
(Michener 1974), although all bees use nectar as their carbohydrate source. In addition, several 
characteristics shared by all eusocial insects, including worker–queen caste determination and 
worker–worker division of labor, are influenced by nutrition (Smith et al. 2008). Transcriptomic 
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analyses have implicated highly conserved molecular pathways associated with metabolism 
(Smith et al. 2008), especially insulin signaling (Corona et al. 2007, Patel et al. 2007, Ament et 
al. 2008), in both the evolution and function of these traits (Smith et al. 2008, Toth and Robinson 
2009). Our results are consistent with these findings and further suggest that coding sequence 
changes in carbohydrate metabolism-related genes may have been involved in the evolution of 
these novel eusocial traits in bees.  
Additional changes in carbohydrate metabolism-related genes were also detected in the 
highly eusocial bee lineages, but not in primitively eusocial bee lineages. This result may be due 
to the evolution of unique metabolic demands in the highly eusocial lifestyle, such as year-round 
nest thermoregulation (Michener 1974), extended lifespan in queens (10-fold longer than 
workers; Wilson 1971, Finkel and Holbrook 2000), and greatly increased foraging activity 
(Roubik 1992). Nearly half of the genes in the glycolysis pathway that were enriched in the All 
Eusocial and/or Highly Eusocial gene lists were not robust solely to the removal of the Apis 
lineage from the analysis, suggesting that an abundance of changes in the glycolysis pathway 
may have occurred in this lineage.  
We were initially surprised to detect a signature of accelerated evolution in brain-related 
GO categories in primitively eusocial bee lineages, but not in highly eusocial bee lineages. The 
Social Brain Hypothesis, developed to explain primate brain evolution, posits that the cognitive 
demands of social life are a strong selective force in brain evolution (Dunbar 2009). It might be 
assumed that these demands are greater in the larger and more complex colonies of the highly 
eusocial bees, and thus a stronger signature of rapid evolution in brain-related genes would be 
found in highly eusocial relative to primitively eusocial lineages (Gronenberg and Riveros 2009). 
However, perhaps it is the primitively eusocial society members that face greater sociocognitive 
challenges, because social roles are more fluid and the balance between cooperation and 
competition is more dynamic in primitively eusocial colonies relative to the more structured, 
highly eusocial colonies (Wilson 1971, Michener 1974, Gronenberg and Riveros 2009).  
One rapidly evolving gene in the Primitively Eusocial gene list, dunce, was originally 
identified as a Drosophila learning and memory mutant, and it has emerged as an important gene 
in the regulation of neural plasticity in both invertebrates and vertebrates (Silva et al. 1998). 
Recent studies implicate dunce and other genes in the cAMP pathway in social learning 
(Sokolowski 2010). Both the lineagespecific and robustness analyses suggest that, of the taxa 
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studied here, dunce is evolving most rapidly in bumble bees. This finding of accelerated 
evolution in brain-related genes exclusively in primitively eusocial bees might eventually help us 
understand more about the evolution of behavioral differences that exist between primitively and 
highly eusocial species.  
In addition to positive natural selection, nonadaptive phenomena such as relaxed 
constraint may contribute to the pattern of heterogeneous nucleotide substitution among 
sequences that we observed (Yang et al. 2000). Whether a gene is exposed to increased positive 
selection in eusocial lineages or to less purifying selection relative to non-eusocial lineages is a 
distinction that we cannot formally establish. In both cases, a difference in selective regime 
between the eusocial and non-eusocial lineages resulted in an increased rate of protein evolution 
in the eusocial lineages. Other issues have been raised regarding the reliability of the statistical 
methods we used for detecting adaptive molecular changes in individual genes (Suzuki and Nei 
2002, Nozawa et al. 2009, Wolf et al. 2009). However, our focus on identifying biological 
processes represented by groups of genes, rather than individual genes, ameliorates these 
concerns. It is unlikely that so many genes in a single functional GO category, particularly those 
involved in basic “housekeeping” processes (e.g., carbohydrate metabolism), have been under 
relaxed constraint or exhibit consistent model departure stratified by sociality across lineages. 
The results we present motivate further investigation into differences in the functioning of these 
biological processes between eusocial and non-eusocial species and the functional effects of the 
specific genetic changes identified.  
A key finding in this study is that convergent evolution of eusociality in bees involves 
both shared and lineage-specific sets of genes. The lineage-specific findings suggest that the 
multiple, independent evolutionary paths to eusociality may have each been shaped by different 
combinations of extrinsic and intrinsic factors, and perhaps also via different forces of selection. 
In the future, it may be possible to use molecular signatures of selection on different functional 
classes of genes to identify which forces of selection were important in eusocial evolution. 
Recent evidence suggests that reproductive protein evolution can be driven by sexual selection 
(Wong 2010), but it is not yet known if there are similar connections between other selective 
forces and functional classes of genes.  
Our finding of shared sets of rapidly evolving genes across three independent lineages 
that gave rise to eusociality in bees suggests that there might also be some common molecular 
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roots for eusocial evolution, despite the incredible social diversity found among bees. Among the 
biological processes that appear to have been under selection across all eusocial lineages in our 
study, carbohydrate metabolism stands out. Insulin signaling, which is involved in carbohydrate 
metabolism, has been broadly implicated in the regulation of several eusocial traits, as mentioned 
above (Smith et al. 2008). It has been suggested that there is a “genetic toolkit” for eusociality, a 
set of highly conserved genes and molecular pathways that were co-opted for novel, social 
functions during eusocial evolution (Toth and Robinson 2009). Our results provide additional 
support for the possibility that genes related to carbohydrate metabolism are key components of 
this putative toolkit (Smith et al. 2008, Toth and Robinson 2009). The existence of a genetic 
toolkit for eusociality can be rigorously tested because there are at least another eight 
independent gains of eusociality in the bees, ants, wasps, and termites (Wilson and Holldobler 
2005). The insect societies provide rich material to explore how changes in DNA sequence are 
associated with the evolution of social life.  
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FIGURES AND TABLES 
 
Figure 3.1. Bee species and evolutionary models used to identify genes evolving rapidly in 
eusocial lineages. (A) Phylogeny of species in study based on previously published trees 
(Cameron and Mardulyn 2001, Schwarz et al. 2007, Cardinal et al. 2010) and EST data (SI 
Text). Some analyses of EST data yielded an alternative topology; molecular evolutionary 
analyses performed with each topology gave highly similar results (SI Text and Table 3.S2). 
Diamonds represent independent origins of eusociality. Reconstruction of eusocial origins based 
on phylogenies with greater taxon sampling (Cameron and Mardulyn 2001, Schwarz et al. 2007, 
Cardinal et al. 2010; green dashed branches indicate position of non-eusocial lineages not 
included in the study). Lineages are color-coded by lifestyle: red, highly eusocial; blue, 
primitively eusocial; and green, non-eusocial. Boxes list key characteristics of each lifestyle 
(Wilson 1971, Michener 1974). (B and C) Representation of branch models of nonneutral 
evolution that were compared with null models by using likelihood ratio tests (LRTs). Lineages 
are color-coded as in A, except in test 1, where “All Eusocial” lineages are coded in purple. B, 
Test 1: ωEusocial ≠ ωNon-eusocial; C, Test 2: ωHighly eusocial ≠ ωPrimitively eusocial 
≠ ωNon-eusocial. 
	    
 
  
B Test 1 Exoneura robusta
Bombus impatiens
Bombus terrestris
Frieseomelitta varia
Melipona quadrifasciata
Apis florea
Apis mellifera
Eulaema nigrita
Euglossa cordata
Megachile rotundata
C Test 2 Exoneura robusta
Bombus impatiens
Bombus terrestris
Frieseomelitta varia
Melipona quadrifasciata
Apis florea
Apis mellifera
Eulaema nigrita
Euglossa cordata
Megachile rotundata
A
Hi
gh
ly
 E
us
oc
ia
l
Large colonies (1,000s-10,000s)
Perennial colony cycle
Highly specialized queen and worker 
castes
Long queen lifespan (10X worker 
lifespan)
Nutritional influence on caste
Year-round nest thermoregulation
Many exocrine glands
Pr
im
iti
ve
ly
 E
us
oc
ia
l
Small colonies (10-100s)
Annual colony cycle
Less specialized queen and worker 
castes
Nutritional influence on caste
Dominance hierarchies
Many exocrine glands
No
n-
Eu
so
ci
al Communal (individuals share a nest) 
or solitary
Annual life cycle
All individuals reproductive
Females only provide care for their 
own offspring
Bombus impatiens
Non-eusocial tribes
Exoneura robusta
Non-eusocial tribes
Bombus terrestris
Frieseomelitta varia
Melipona quadrifasciata
Apis florea
Apis mellifera
Eulaema nigrita
Euglossa cordata
Megachile rotundata
	   52	  
Figure 3.2. Biological processes with evidence of accelerated evolution in eusocial lineages. 
(A) Overlap of rapidly evolving biological processes based on GO enrichment analysis of the All 
Eusocial, Highly Eusocial, and Primitively Eusocial gene lists. Individual GO categories were 
condensed into “metacategories” based on related function (Table 3.S3). (B) Rapidly evolving 
genes in the glycolysis pathway. A. mellifera genes mapped onto pathway based on orthology to 
D. melanogaster genes in KEGG (Kyoto Encyclopedia of Genes and Genomes, 
http://www.genome.jp/kegg/) glycolysis/gluconeogenesis pathway (dme00010). Genes likely 
evolving most rapidly in Apis are GB10695, GB10851, GB13401, GB16546, GB17113, 
GB17238, and GB19387. 
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Table 3.1. Genes evolving more rapidly in eusocial bee lineages.	   
  Gene   Function A. mellifera 
gene 
Rank P-value Relative ω 
Accelerated evolution in all eusocial lineages (Test 1) 
girdin  Actin-binding protein; regulation of cell size   GB14448 4 0.00000 2.78 
dihydrolipamide dehydrogenase 1 Enzyme; glycolysis GB17626 8 0.00006 2.52 
la autoantigen-like 
    
Ribonucleoprotein; development GB14277 11 0.00015 3.51 
brahma Chromatin remodeler; axonogenesis and 
oogenesis 
GB30507 12 0.00015 4.25 
syntaxin7 Membrane-bound protein; SNAP receptor 
activity 
GB14433 15 0.00020 5.49 
Accelerated evolution in primitively eusocial lineages (Test 2) 
dopamine N acetyltransferase Enzyme; dopamine signaling GB18080 3 0.00000 24.5 
no on or off transient A mRNA binding protein; courtship song in 
Drosophila 
GB18173 9 0.00000 5.74 
signal recognition particle 14 kDa mRNA binding GB15372 9 0.00000 136.5 
no on or off transient A mRNA binding protein; courtship song in 
Drosophila 
GB18173 10 0.00000 5.74 
helicase 98B Enzyme; immune response GB14810 11 0.00000 4.62 
β spectrin Cytoskeletal protein; nervous system 
development 
GB11407 12 0.00000 1.88 
Accelerated evolution in highly eusocial lineages (Test 2) 
phosphofructokinase Enzyme; glycolysis GB17113 3 0.00000 3.18 
enolase Enzyme; glycolysis GB15039 4 0.00000 3.35 
pelle Serine/threonine kinase; immune response 
and axon targeting 
GB16397 5 0.00000 2.80 
nicotinate phosphoribosyltransferase 
 
Enzyme; nicotinate metabolism GB15603 24 0.00004 3.28 
RhoGAP100F GTPase; axonogenesis and signal 
transduction 
GB15150 25 0.00005 2.39 
Gene rank based on FDR-adjusted P values from LRTs. Evolutionary changes in the genes listed 
here do not appear to be strongly driven by any one lineage, and results do not seem to be 
affected by removal of any lineage from the analysis (SI Text). 
*Relative ω is the fold difference compared with the non-eusocial ω. See Dataset S2 for full lists. 
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SUPPLEMENT 
SI Text 
Bees. Taxonomy and sources of the bee collections are listed in Table 3.S1. For Apis mellifera, 
genome sequence was used, so collection and expressed sequence tag (EST) information are not 
applicable. “Purchased” colonies were purchased from rearing facilities that breed the bees for 
pollination. For brain tissue dissections, whole heads were partially lyophilized, and dissections 
were performed over dry ice to prevent RNA degradation. For abdomen tissue dissections, whole 
abdomens were removed from bodies on dry ice. RNA from pooled brain and abdomens was 
isolated by using RNeasy Mini Kits (QIAGEN).  
 
Sequencing and EST Assembly. mRNA from each species was sequenced on the GS-FLX 
platform (454/Roche Life Sciences). Approximately 75–100 million bp of sequence were 
obtained in reads of average length of 240 bp (results of sequencing in Table 3.S1). The ESTs 
from each species were masked to remove overrepresented oligos, as identified by Roche 
gsAssembler software, and assembled by using Phrap (Green 1999) to generate a nonredundant 
set of sequences. Phrap (Version 1.080721) was used with the following parameters: -ace, -
max_group_size 0, and -vector_bound 0. Removal of clonal reads reduced the time required to 
assemble by one to a few orders of magnitude. The assemblies reduced the number of unique 
sequences to ~50,000 across the species. Many mRNA species in this assembly are represented 
by multiple contigs and/or singletons; thus, we used a reference-guided assembly as the next 
step.  
 
Putative Ortholog Assignment and Alignment. For each species’ EST set, we attempted to 
identify orthologs for all of the gene models (n ~ 11,062) from the A. mellifera genome 
(http://genomes.arc.georgetown. edu/Amel_pre_release2_OGS_cds.fa). It is possible that low-
quality assemblies or alignments could influence the results of selection analysis (Wong et al. 
2008, Schneider et al. 2010). For this reason, we took great care with our assemblies, alignments, 
and ortholog identification. Putative orthologs were identified by stringent reciprocal BLAST 
criteria to minimize misclassification of paralogs as follows. Each A. mellifera gene model was 
blasted against each of the species-specific, nonredundant EST databases b7 using blastn (E< 1e-
6). All of the blast hits that were within 10% identity from the top hit were then blasted back 
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against the A. mellifera gene models, and only those ESTs whose top hit was the same A. 
mellifera gene were called orthologs.  
We concatenated all of the orthologous ESTs in the order in which they occur on the 
reference A. mellifera gene model to generate Gapped Ortholog-reference-guided Transcript 
Assemblies (GOTAs) for each species for each gene model in which orthologous sequence was 
identified. Short overlaps were trimmed to remove redundancy. GOTAs cover a given bee gene 
model to varying degrees between different species. There are also large differences in coverage 
among genes, as is expected due to random sampling from a pool of transcripts with diverse 
expression levels. We found putative orthologous sequences, counting partial and complete 
coverage, in all nine species for 3,647 (~33%) of the A. mellifera gene models, whereas 10% of 
the gene models did not have orthologs in any of the species. We used the E-INS-i alignment 
strategy of the Multiple Sequence Alignment by Fast Fourier Transform (MAFFT) algorithm 
(Katoh et al. 2002) to align the orthologs thus obtained from the computational pipeline. The 
ortholog assignment pipeline was coded in PHP (hyper text preprocessor scripting language).  
 
Manual Editing of Alignments. Sequencing and alignment errors can be a problem for large-
scale, comparative genomic analyses, particularly in scans for signatures of selection that are 
based on identifying variable nucleotide positions among sequences (Wong et al. 2008, 
Schneider et al. 2010). To ensure that our alignments were of appropriately high quality, we 
visually inspected all 3,647 alignments in our dataset in Geneious (Drummond et al. 2010) and 
manually edited the sequences, if necessary, to remove sequencing and alignment errors. The 
most frequent sequencing errors encountered were homopolymers, which were identified as a 
string of the same nucleotide base repeated several times in a row that leads to downstream stop 
codons in the sequence. All of the EST sequences came from expressed transcripts, so it was 
considered highly unlikely that the transcripts would contain more than one stop codon or that 
stop codons would be located anywhere but at the end of sequences. When homopolymers were 
corrected (either by adding or removing a base), stop codons were removed from the sequence, 
and the correct frame was restored. If editing the homopolymer did not eradicate the frameshift, 
that region of sequence was masked from further analysis. For ambiguous regions (e.g., a 2-base 
insertion leading to a frameshift, but not a homopolymer error), entire codons were masked from 
further analysis. Nucleotides at the beginning and ends of gaps were trimmed if they did not 
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exactly match the bases seen in other species at those positions, as these were considered to be 
unresolvable artifacts of the alignment process.  
 
Tree Inference. We analyzed both nucleotide and amino acid sequences of the same alignments 
that contained no gaps for any taxa. To account for uncertainty in the estimate of phylogeny 
based on the EST fragments, we used Bayesian inference, which, rather than estimating a single 
tree, estimates a posterior distribution of trees from which a majority-rule consensus tree can be 
estimated. For the amino acid sequence analyses (717 gene fragments, 66.601 characters), we 
used the fixed-rate JTT model (Jones et al. 1992) implemented in MrBayes 3.1.2 (Ronquist and 
Huelsenbeck 2001). The MCMC was run twice with four chains for 1,000,000 generations (SD 
of split frequencies for both runs went to 0.00 within <3,000 generations, indicating rapid 
convergence), with trees sampled every 1,000 generations. The first 10,000 trees were discarded 
as burn-in, and we constructed a consensus of the remaining trees, with all clades displaying a 
≥98% posterior probability (Figure 3.S1).  
For the nucleotide sequences (717 gene gapless fragments), we implemented multiple 
analyses: (i) concatenated sequences (208,383 characters), using the GTR + I + G model (most 
general model), 4 chains, 5,000,000 generations (SD of split frequencies went to 0.00 within 
<7,000 generations), trees sampled every 1,000 generations, discarded the first 25,000 trees as 
burn-in, and constructed a consensus tree displaying clades with ≥98% posterior probability 
(Figure 3.S1); (ii) first codon positions only, GTR + I + G model, 4 chains, 1,000,000 
generations (SD of split frequencies went to 0.00 within <7,000 generations), trees sampled 
every 1,000 generations, discarded the first 5,000 trees as burn-in, and constructed a consensus 
tree displaying clades with a ≥98% posterior probability (Figure 3.S1); (iii) second codon 
positions, analyzed under same conditions as analysis ii, resulted in the same tree topology 
(Figure 3.S1); and (iv) third codon positions analyzed under same conditions as analyses ii and 
iii, estimated the tree topology of Figure 3.1 (Figure 3.S1).  
We performed all of our molecular evolutionary analyses using both inferred tree 
topologies. The effect of tree topology on enrichment of biological processes is presented in 
Table 3.S2.  
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Evolutionary Tests in PAML. We used branch models in the program codeml in the package 
PAML (Yang 2007) to fit the alignments to models of codon substitution by maximum 
likelihood. For each test, we used a likelihood ratio test (LRT) to compare the likelihoods of two 
models: (i) a null model of neutral evolution in which ω is the same for all lineages; and (ii) an 
alternative model of nonneutral evolution in which ω differs between specified lineages (e.g., 
eusocial vs. non-eusocial lineages). The null model was rejected for genes in which the LRT was 
significant at an FDR-corrected P < 0.05. For all models, the control files used in codeml had the 
following settings: Codonfreq=2, kappa=3, initial omega=0.2, fix_alpha = 1. For the null model 
control file, model = 0; for the alternative model control file, model = 2. codeml estimates the 
value of ω for each specified group of lineages. Our gene lists (All Eusocial, Highly Eusocial, 
Primitively Eusocial, and the lineagespecific gene lists) were created by comparing the estimated 
ω values of significant genes and grouping genes according to which specified group of lineages 
had the highest ω value.  
 
Evaluation of Biases in Data. The alignment quality scoring system was devised to account for 
breadth and depth of sequence coverage in an alignment and was calculated as follows: Each 
codon in the alignment was binned based on the number of species that had sequence at that 
codon position (1–10); the number of codons in each bin was summed and then multiplied by the 
number of species in that bin; and the values of all bins were summed then normalized to the 
total alignment length by dividing this sum by the total sequence length for which there is 
sequence from at least two species. The higher the alignment score, the better the quality of the 
alignment (e.g., best alignment score = 10). The results of this analysis are provided in Dataset 
S2. The four alignment composition metrics and the two alignment quality metrics used for our 
correlation analysis (calculated for each alignment) are included in Dataset S1.  
 
Gene Ontology Enrichment Analysis. A subset of genes did not have D. melanogaster 
orthologs and was excluded from the GO analysis; these genes are identified in Dataset S1. To 
test for enrichment, we compared each gene list to the background gene dataset (n = 3,638) at the 
GO fat level. The enriched biological processes for the gene lists from tests 1 and 2 are presented 
in Table 3.S3. 
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Lineage-Specific Tests. In addition to our main tests (tests 1 and 2), we performed four lineage-
specific tests, in which we compared the likelihoods of the null model of neutral evolution and 
an alternative model of nonneutral evolution in which ω for a specified eusocial lineage differs 
from all other lineages. For these tests, the same general methodologies we described in 
Evolutionary Tests in PAML and Gene Ontology Enrichment Analysis were used. These lineage-
specific tests were performed on the following lineages: (i) Apini-specific; (ii) Bombini-specific; 
(iii) E. robusta-specific; and (iv) Meliponini-specific. The significant gene lists with functional 
annotation are included in Dataset S2.  
 
Robustness of Results. We performed a series of “exclusion tests” to investigate whether the 
removal of any of the four eusocial lineages (Apini, Bombini, E. robusta, and Meliponini) from 
the alignments would result in a loss of significance (i.e., FDR adjusted P > 0.05 for LRT) for 
any genes. We removed each lineage, one at a time, and reran tests 1 and 2.  
17.5% (n = 37) of genes on the All Eusocial gene list were robust in all four exclusion 
tests (Figure 3.S2). These genes have the strongest support for evolving rapidly in all eusocial 
lineages in the analysis. The majority of genes on the All Eusocial gene list (55%, n = 117) were 
not robust in two or more exclusion tests, suggesting that the loss of information resulting from 
the removal of species from the analysis resulted in a loss of statistical power to detect patterns 
of molecular changes among sequences. Approximately one-third (27%, n = 58) of the genes on 
the All Eusocial gene list were not robust only in one exclusion test. It seems likely that for this 
set of genes, the lineage that was removed may have been driving the original results of the 
LRTs. Figure 3.S2 shows, for this set of genes, which of the four eusocial lineages appears to 
have been driving the result. That the smallest number of genes appear to have been driven by E. 
robusta (n=5) is not surprising, given that our analyses included only one species from this 
lineage vs. two species for all other lineages.  
We performed a similar analysis for the Highly Eusocial and Primitively Eusocial gene 
lists. For Highly Eusocial, a smaller proportion of genes on the list (5%, n = 9) were robust in all 
four exclusion tests, and a larger proportion (60%, n = 104) were not robust in two or more 
exclusion tests (Figure 3.S2). For all 60 genes on the Highly Eusocial gene list that appear to 
have been driven by one lineage, one of the two highly eusocial lineages appears to have been 
driving the result (Figure 3.S2). For the Primitively Eusocial gene list, 5% of genes on the list (n 
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= 10) were robust in all four exclusion tests, and 84% of the genes (n = 183) were not robust in 
two or more exclusion tests (Figure 3.S2). For the 11% of genes (n = 25) that appear to have 
been driven by one lineage, all lineages except the stingless bees appear to have been driving 
results (Figure 3.S2).  
We created three new gene lists by removing the genes from the original All Eusocial, 
Highly Eusocial, and Primitively Eusocial gene lists whose significance appeared to have been 
driven by one eusocial lineage. Specifically, the original gene lists were filtered to remove genes 
that were not robust in a single exclusion test. Our reasoning for not removing genes that were 
not robust in two or more exclusion tests from our original gene lists is that for these genes, it 
seems more likely that the loss of significance was due to a lack of statistical power. 
 We reran GO enrichment analyses on these three new gene lists and compared the results 
of these more stringent analyses with the results of our original analysis, which included all 
species. Many of the GO categories enriched in our original gene lists were also enriched in the 
new gene lists, although some GO categories did lose enrichment. We consider the GO 
categories whose enrichment was robust to these exclusion tests to be our strongest results, but 
we do not believe that the loss of enrichment of some GO categories in these exclusion tests is 
sufficient to invalidate the enrichment results obtained from analyses using the full set of species. 
The gene lists and GO results are provided in Dataset S3.  
For our tests of whether artificial groupings of lineages would result in similar enriched 
GO categories as with our actual eusocial groupings, we made three artificial groupings to 
compare with test 1 and three artificial groupings to compare with test 2, as follows. Test 1: 
Grouping 1, (Meliponini, M. rotundata; “group A”) vs. (Euglossini, Apini, Bombini, E. robusta; 
“group B”); Grouping 2, (M. rotundata, Meliponini, Bombini; “Group A”) vs. (E. robusta, 
Apini, Euglossini; “group B”); Grouping 3, (M. rotundata, Euglossini, Bombini, Meliponini; 
“group A”) vs. (Apini, E. robusta; “group B”). Test 2: Grouping 1, (M. rotundata, Apini; “group 
A”) vs. (Euglossini, Bombini; “group B”) vs. (Meliponini, E. robusta; “group C”); Grouping 2, 
(M. rotundata, Bombini; “group A”) vs. (E. robusta, Apini; “group B”) vs. (Euglossini, 
Meliponini; “group C”); Grouping 3, (Euglossini, M. rotundata; “group A”) vs. (Bombini, Apini, 
“group B”) vs. (Meliponini, E. robusta; “group C”). The GO results of this analysis are included 
in Dataset S3.  
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Data Deposition. Raw sequences have been deposited at: http:// 
trace.ncbi.nlm.nih.gov/Traces/home with the following accession numbers (Species, Project ID, 
SRA accession numbers): Apis florea, 62549, SRR098291.1, SRR098292.1; Bombus impatiens, 
62671, SRR098293.1, SRR098294.1; Bombus insularis, 62673, SRR098295.1, SRR098296.1; 
Bombus terrestris, 62675, SRR098297.1; Centris flavifrons, 62677, SRR098298.1, 
SRR098299.1; Eulaema nigrita, 62679, SRR098300.1, SRR098301.1; Euglossa cordata, 62681, 
SRR098302.1; Exoneura robusta, 62683, SRR098303.1; Frieseomelitta varia, 62685, 
SRR098304.1; Melipona quadrifasciata, 62691, SRR098313.1; Megachile rotundata, 62687, 
SRR098305.1, SRR098306.1, SRR098307.1, SRR098308.1, SRR098309.1, SRR098310.1; 
Megalopta genalis, 62689, SRR098311.1, SRR098312.2. Assemblies have been deposited at: 
http://www.ncbi.nlm.nih.gov/genbank/ TSA.html with the following accession numbers 
(Species, Project ID, TSA accession numbers): Apis florea, 62549, HP823158–HP849658; 
Bombus impatiens, 62671, JI092751– JI122887; Bombus insularis, 62673, JI045409-JI062504; 
Bombus terrestris, 62675, JI025924–JI045408; Centris flavifrons, 62677, HP985225–HP999999, 
JI000001–JI025923; Eulaema nigrita, 62679, HP931237–HP959564; Euglossa cordata, 62681, 
HP959565– HP985224; Exoneura robusta, 62683, HP893798–HP931236; Frieseomelitta varia, 
62685, HP873735–HP893797; Megachile rotundata, 62687, JI122888–JI136238; Megalopta 
genalis, 62689, JI136239–JI148409; Melipona quadrifasciata, 62691, HP849659– HP873734. 
 
SUPPLEMENT LITERATURE CITED 
Drummond AJ, et al. (2010) Geneious v5.1. Available at http://www.geneious.com. 
Green P (1999) Phrap, SWAT, Crossmatch (Univ of Washington, Seattle). 
Jones DT, Taylor WR, Thornton JM (1992) The rapid generation of mutation data matrices from 
protein sequences. Comput Appl Biosci 8:275–282. 
Katoh K, Misawa K, Kuma K, Miyata T (2002) MAFFT: a novel method for rapid multiple 
sequence alignment based on fast Fourier transform. Nucleic Acids Res 30: 3059–3066. 
Ronquist F, Huelsenbeck JP (2001) MRBAYES: Bayesian inference of phylogenetic trees. 
Bioinformatics 19:1572–1574. 
Schneider A, et al. (2010) Estimates of positive Darwinian selection are inflated by errors in 
sequencing, annotation, and alignment. Genome Biol Evol 1:114–118. 
 
	   61	  
Wong KM, Suchard MA, Huelsenbeck JP (2008) Alignment uncertainty and genomic analysis. 
Science 319:473–476. 
Yang ZH (2007) PAML 4: Phylogenetic analysis by maximum likelihood. Mol Biol Evol 
24:1586–1591. 
 
 
 
 
 
 
 
 
 
 
 
  
	   62	  
SUPPLEMENT FIGURES AND TABLES 
 
Figure 3.S1. Tree inferences. (A) Tree based on amino acid sequence. (B) Tree based on all 
nucleotide sites. (C) Tree based on first codon position nucleotide sites. (D) Tree based on 
second codon position nucleotide sites. (E) Tree based on third codon position nucleotide sites. 
This topology was used for Figure 3.1 and is identical in structure to trees inferred in published 
studies that included greater taxonomic sampling. 
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Figure 3.S2. Summary of eusocial lineage exclusions tests. For each of the three original gene 
lists (All Eusocial, Highly Eusocial, and Primitively Eusocial), one pie chart shows the number 
of genes for which the LRT was no longer significant in 0–4 exclusion tests (A, C, and E, 
respectively), and another shows, only for the genes no longer significant in 1 exclusion test, the 
identity of the eusocial lineage (B, D, and F, respectively). From these results, it can be inferred 
which eusocial lineage may have been contributing most strongly to the original results of the 
LRTs. 
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Table 3.S1. Collection information and sequencing results for species in study. 
Species Family, Subfamily, Tribe Collection type (location) Total bases 
Non-
redundant 
sequences 
Non-
redundant 
bases 
A. 
mellifera 
orthologs 
Apis mellifera Apidae, Apinae, Apini Genome 
sequence 
available 
NA NA NA NA 
Apis florea Apidae, Apinae, Apini Wild caught 
(Thailand) 
72105391 59010 19005995 8179 
Bombus impatiens Apidae, Apinae, Bombini Purchased 
(USA) 
98630488 54542 22439256 8013 
Bombus terrestris Apidae, Apinae, Bombini Purchased 
(Israel) 
76405196 42816 15221160 6768 
Euglossa cordata Apidae, Apinae, 
Euglossini 
Wild caught 
(Brazil) 
76603013 49830 19862919 7364 
Eulaema nigrita Apidae, Apinae, 
Euglossini 
Wild caught 
(Brazil) 
89954584 56689 21505840 7443 
Frieseomelitta 
varia 
Apidae, Apinae, 
Meliponini 
Wild caught 
(Brazil) 
74352793 50809 16214275 6438 
Melipona 
quadrifasciata 
Apidae, Apinae, 
Meliponini 
Wild caught 
(Brazil) 
77477792 54525 19198721 7161 
Exoneura robusta Apidae, Xylocopinae, 
Allodapini 
Wild caught 
(Australia) 
116660239 60647 26104224 6680 
Megachile 
rotundata 
Megachilidae, 
Megachilinae, Megachilini 
Purchased 
(USA) 
48306504 44670 15133664 6747 
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Table 3.S2. Effect of alternative tree topologies on results. 
Biological Process Tree 
Topology 1 
Tree 
Topology 2 
Accelerated evolution in all eusocial lineages (Test 1)   
   alcohol catabolic process ∗	   ∗	  
   carbohydrate catabolic process ∗	   ∗	  
   cell surface receptor linked signal transduction ∗	   ∗	  
   cellular carbohydrate catabolic process ∗	   ∗	  
   gland development ∗	   ∗	  
   glucose catabolic process ∗	   ∗	  
   glucose metabolic process ∗	   ∗	  
   glycolysis ∗	   ∗	  
   hexose catabolic process ∗	   ∗	  
   hexose metabolic process ∗	   ∗	  
   macromolecular complex assembly ∗	   ∗	  
   macromolecular complex subunit organization ∗	   ∗	  
   monosaccharide catabolic process ∗	   ∗	  
   monosaccharide metabolic process ∗	   ∗	  
   protein complex assembly ∗	   ∗	  
   protein complex biogenesis ∗	   ∗	  
   cellular protein complex assembly ∗	    
   ncRNA processing ∗	    
   nucleoplasm part ∗	    
   protein amino acid phosphorylation ∗	    
   RNA processing ∗	    
   transcription ∗	    
   regulation of developmental growth  ∗	  
   regulation of growth  ∗	  
Accelerated evolution in highly eusocial lineages (Test 2) 
   alcohol catabolic process ∗	   ∗	  
   carbohydrate catabolic process ∗	   ∗	  
   carboxylic acid biosynthetic process ∗	   ∗	  
   cellular carbohydrate catabolic process ∗	   ∗	  
   generation of precursor metabolites and energy ∗	   ∗	  
   glucose catabolic process ∗	   ∗	  
   glucose metabolic process ∗	   ∗	  
   glycolysis ∗	   ∗	  
   hexose catabolic process ∗	   ∗	  
   hexose metabolic process ∗	   ∗	  
   monosaccharide catabolic process ∗	   ∗	  
   monosaccharide metabolic process ∗	   ∗	  
   organic acid biosynthetic process ∗	   ∗	  
   oxidation reduction ∗	   ∗	  
   phosphorylation ∗	    
   protein amino acid phosphorylation ∗	    
   fatty acid metabolic process  ∗ 
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Table 3.S2 (continued)   
   lipid catabolic process  ∗	  
   nitrogen compound biosynthetic process  ∗	  
   ovarian follicle cell development  ∗	  
Accelerated evolution in primitively eusocial lineages (Test 2) 
   axonogenesis ∗	   ∗	  
   cell morphogenesis ∗	   ∗	  
   cell morphogenesis involved in differentiation ∗	   ∗	  
   cell morphogenesis involved in neuron differentiation ∗	   ∗	  
   cell part morphogenesis ∗	   ∗	  
   cell projection morphogenesis ∗	   ∗	  
   cell projection organization ∗	   ∗	  
   cellular component morphogenesis ∗	   ∗	  
   chromatin modification ∗	   ∗	  
   covalent chromatin modification ∗	   ∗	  
   growth ∗	   ∗	  
   histone modification ∗	   ∗	  
   macromolecular complex assembly ∗	   ∗	  
   macromolecular complex subunit organization ∗	   ∗	  
   muscle organ development ∗	   ∗	  
   neuron development ∗	   ∗	  
   neuron differentiation ∗	   ∗	  
   neuron projection development ∗	   ∗	  
   neuron projection morphogenesis ∗	   ∗	  
   photoreceptor cell differentiation ∗	   ∗	  
   positive regulation of biosynthetic process ∗	   ∗	  
   positive regulation of cellular biosynthetic process ∗	   ∗	  
   positive regulation of gene expression ∗	   ∗	  
   positive regulation of macromolecule biosynthetic 
process 
∗	   ∗	  
   positive regulation of nitrogen compound metabolic 
process 
∗	   ∗	  
   positive regulation of nucleobase, nucleoside, 
nucleotide and nucleic acid metabolic    
   process 
∗	   ∗	  
   positive regulation of transcription ∗	   ∗	  
   protein complex assembly ∗	   ∗	  
   protein complex biogenesis ∗	   ∗	  
   regulation of transcription ∗	   ∗	  
   regulation of transcription, DNA-dependent ∗	   ∗	  
   response to endogenous stimulus ∗	   ∗	  
   response to hormone stimulus ∗	   ∗	  
   response to organic substance ∗	   ∗	  
   RNA biosynthetic process ∗	   ∗	  
   transcription ∗	   ∗	  
   transcription initiation ∗	   ∗	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Table 3.S2 (continued)   
   transcription initiation from RNA polymerase II 
promoter 
∗	   ∗	  
   transcription, DNA-dependent ∗	   ∗	  
   post-embryonic development ∗	    
   cell growth  ∗	  
   compound eye morphogenesis  ∗	  
   eye morphogenesis  ∗	  
   positive regulation of transcription from RNA 
polymerase II promoter  
∗	  
   positive regulation of transcription, DNA-dependent  ∗	  
   regulation of growth  ∗	  
   regulation of RNA metabolic process  ∗	  
   regulation of transcription from RNA polymerase II 
promoter  
∗	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Table 3.S3. Biological processes enriched in the All Eusocial, Primitively Eusocial, Highly 
Eusocial, and Non-Eusocial Gene Lists.  
Meta-category   Biological Process No. 
Genes 
Fold 
Enrichment P-value 
Accelerated evolution in all eusocial lineages (Test 1) 
Carbohydrate 
metabolism 
glycolysis* 5 6.66 0.00475 
cellular carbohydrate catabolic process 6 4.57 0.00776 
glucose metabolic process 6 4.57 0.00776 
hexose metabolic process 7 3.61 0.01037 
monosaccharide metabolic process 7 3.29 0.01626 
carbohydrate catabolic process 6 3.84 0.01658 
glucose catabolic process 5 4.70 0.01793 
hexose catabolic process 5 4.70 0.01793 
monosaccharide catabolic process 5 4.70 0.01793 
alcohol catabolic process 5 4.21 0.02652 
Gland development gland development 6 3.00 0.04442 
Signal transduction cell surface receptor linked signal transduction* 12 1.88 0.04765 
Transcription RNA processing 16 1.73 0.03671 
ncRNA processing 8 2.41 0.04255 
transcription 15 1.70 0.04985 
Phosphorylation protein amino acid phosphorylation 10 2.08 0.04569 
Macromolecular 
complex assembly 
protein complex assembly* 13 2.85 0.00139 
protein complex biogenesis* 13 2.85 0.00139 
macromolecular complex subunit organization 15 1.95 0.01751 
cellular protein complex assembly 6 2.91 0.04983 
Accelerated evolution in non-eusocial lineages (Test 1) 
Protein metabolism proteolysis involved in cellular protein catabolic process 15 2.62 0.00114 
cellular protein catabolic process 15 2.62 0.00114 
protein catabolic process 15 2.39 0.00281 
modification-dependent protein catabolic process 12 2.27 0.01336 
ubiquitin-dependent protein catabolic process 8 2.60 0.02994 
protein amino acid dephosphorylation 5 3.79 0.03818 
Neurotransmission neurotransmitter secretion 8 2.60 0.02994 
regulation of neurotransmitter levels 8 2.60 0.02994 
neurotransmitter transport 8 2.47 0.03852 
General metabolism macromolecule catabolic process 18 2.32 0.00120 
cellular macromolecule catabolic process 16 2.37 0.00212 
modification-dependent macromolecule catabolic process 12 2.27 0.01336 
Secretion secretion 9 2.34 0.03378 
secretion by cell 9 2.34 0.03378 
Translation translational initiation 7 3.74 0.00882 
Cell signaling generation of a signal involved in cell-cell signaling 8 2.55 0.03264 
Protein modification protein ubiquitination 5 5.35 0.01147 
proteolysis 18 1.81 0.01622 
protein modification by small protein conjugation 5 3.95 0.03318 
Transport and 
movement 
vesicle-mediated transport 22 1.88 0.00423 
microtubule-based process 17 1.83 0.01827 
microtubule-based movement 6 3.76 0.01828 
protein localization 18 1.77 0.01984 
cellular macromolecule localization 13 2.06 0.01997 
RNA localization 8 2.55 0.03264 
protein transport 14 1.76 0.04770 
Cell division cell division 9 2.60 0.01903 
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Table 3.S3 (continued) 
 
Accelerated evolution in highly eusocial lineages (Test 2) 
Carbohydrate 
metabolism 
glycolysis* 8 14.81 0.00000 
hexose catabolic process* 8 10.45 0.00000 
glucose catabolic process* 8 10.45 0.00000 
monosaccharide catabolic process* 8 10.45 0.00000 
alcohol catabolic process* 8 9.35 0.00001 
cellular carbohydrate catabolic process* 8 8.46 0.00002 
glucose metabolic process* 8 8.46 0.00002 
hexose metabolic process* 9 6.45 0.00004 
carbohydrate catabolic process* 8 7.11 0.00007 
monosaccharide metabolic process* 9 5.88 0.00008 
General metabolism generation of precursor metabolites and energy* 11 2.98 0.00283 
oxidation reduction* 16 2.10 0.00645 
Acid metabolism organic acid biosynthetic process 5 4.27 0.02600 
carboxylic acid biosynthetic process 5 4.27 0.02600 
Phosphorylation protein amino acid phosphorylation 9 2.60 0.01914 
Phosphorylation 13 1.94 0.02978 
Accelerated evolution in primitively eusocial lineages (Test 2) 
Transcription transcription initiation from RNA polymerase II promoter 6 2.50 0.00050 
transcription initiation 7 2.27 0.00077 
positive regulation of transcription 7 2.55 0.00150 
positive regulation of gene expression 7 1.90 0.00377 
RNA biosynthetic process 9 2.16 0.00383 
transcription, DNA-dependent 9 2.63 0.00443 
regulation of transcription, DNA-dependent 15 2.63 0.00443 
transcription 20 1.99 0.00665 
regulation of transcription 22 2.24 0.00743 
Chromatin-related histone modification 5 2.43 0.00817 
chromatin modification 8 2.31 0.00822 
covalent chromatin modification 5 2.37 0.00985 
Response to stimulus response to hormone stimulus 5 2.34 0.01079 
response to endogenous stimulus 5 2.29 0.01286 
response to organic substance 6 2.77 0.01309 
Neuron differentiation photoreceptor cell differentiation* 6 5.00 0.01435 
axonogenesis 9 5.00 0.01435 
cell morphogenesis involved in neuron differentiation* 12 3.29 0.01619 
neuron projection morphogenesis* 12 2.21 0.01652 
neuron projection development* 12 1.95 0.01738 
neuron development* 15 3.20 0.01857 
Growth and 
development 
growth 6 1.94 0.01857 
muscle organ development 7 2.78 0.02108 
cell morphogenesis involved in differentiation* 12 2.78 0.02108 
cell projection morphogenesis* 12 3.11 0.02118 
cell part morphogenesis* 13 3.11 0.02118 
post-embryonic development 13 2.02 0.02287 
cell projection organization* 14 2.95 0.02712 
cell morphogenesis* 17 2.95 0.02712 
cellular component morphogenesis* 18 3.31 0.03027 
Macromolecular 
complex assembly 
protein complex assembly 12 3.20 0.03457 
protein complex biogenesis 12 2.29 0.03798 
macromolecular complex assembly 13 2.29 0.03798 
macromolecular complex subunit organization 15 2.46 0.03870 
Biosynthesis positive regulation of macromolecule biosynthetic process 7 1.86 0.04088 
positive regulation of cellular biosynthetic process 8 2.67 0.04210 
positive regulation of biosynthetic process 8 3.00 0.04427 
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Biological processes are enriched GO categories or KEGG pathways from enrichment analysis.  
P-values are uncorrected.  See SI Text for details of GO enrichment analysis.  
* indicates categories which were robust to removal of lineages (SI Text).   	  
 
  
Table 3.S3 (continued)    
Nitrogen compound 
metabolism 
positive regulation of nitrogen compound metabolic process 7 2.91 0.04967 
positive regulation of nucleobase, nucleoside, nucleotide and 
nucleic acid metabolic process 
7 3.48 0.04990 
Accelerated evolution in non-eusocial lineages (Test 2) 
Protein metabolism cellular protein catabolic process 16 2.80 0.00035 
proteolysis involved in cellular protein catabolic process 16 2.80 0.00035 
protein catabolic process 16 2.55 0.00096 
modification-dependent protein catabolic process 14 2.65 0.00163 
ubiquitin-dependent protein catabolic process 9 2.92 0.00960 
Neurotransmission regulation of neurotransmitter levels 8 2.60 0.02994 
neurotransmitter secretion 8 2.60 0.02994 
neurotransmitter transport 8 2.47 0.03852 
General metabolism macromolecule catabolic process 18 2.32 0.00120 
modification-dependent macromolecule catabolic process 14 2.65 0.00163 
cellular macromolecule catabolic process 16 2.37 0.00212 
Secretion secretion 9 2.34 0.03378 
secretion by cell 9 2.34 0.03378 
Translation translational initiation 7 3.74 0.00882 
Cell signaling generation of a signal involved in cell-cell signaling 8 2.55 0.03264 
Protein modification protein modification by small protein conjugation 6 4.75 0.00673 
proteolysis 19 1.91 0.00750 
protein ubiquitination 5 5.35 0.01147 
Transport and 
movement 
microtubule-based movement 7 4.39 0.00389 
monovalent inorganic cation transport 7 3.18 0.01928 
RNA localization 8 2.55 0.03264 
microtubule-based process 16 1.72 0.03721 
metal ion transport 6 3.12 0.03856 
Phosphorylation protein amino acid dephosphorylation 7 5.31 0.00138 
dephosphorylation 7 4.11 0.00552 
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CHAPTER 4: NUTRITIONALLY-RELATED PHYSIOLOGICAL, TRANSCRIPTOMIC 
AND BEHAVIORAL ANALYSES SUPPORT AN EVOLUTIONARY LINK BETWEEN 
DIAPAUSE IN THE SOLITARY BEE MEGACHILE ROTUNDATA AND CASTE 
DETERMINATION IN SOCIAL BEES 
 
 
ABSTRACT 
Nutrition-dependent developmental plasticity in the expression of larval diapause has been 
suggested as an ancestral ground plan from which social wasp castes evolved. I extended this 
hypothesis to bees and tested for mechanistic evidence to support the hypothesis that solitary bee 
diapause plasticity and social bee caste determination are evolutionarily related. I used the 
solitary alfalfa leafcutting bee, Megachile rotundata, as a model because it exhibits 
developmental plasticity in larval diapause and, as an important commercial pollinator, it can be 
reared in large numbers. I investigated how a prominent regulator of social bee caste 
determination, larval nutrition, affects diapause plasticity and gene expression in this solitary 
bee. Field surveys of natural larval provisions and experimental manipulations of larval diet 
quantity and quality in the laboratory demonstrated nutritional regulation of diapause plasticity in 
M. rotundata. Higher diet quantity increased the probability of entering diapause, just as higher 
diet quantity increases the probability that a female social bee larva will develop into a queen 
rather than a worker. Furthermore, I found a significant overlap between genes that respond to 
nutritional manipulations in M. rotundata larvae and genes that are associated with larval caste 
determination in social bees. Surprisingly, when the quality of larval nutrition was altered by the 
addition of royal jelly, the caste-determining substance of the honey bee, M. rotundata 
individuals exhibited a decrease in adult body weight and had gene expression profiles 
suggestive of nutritional deprivation, but were still more likely to enter diapause. Additionally, 
royal jelly feeding in M. rotundata, affected the expression of genes involved in DNA 
methylation, just as it does in the honey bee. These results suggest that royal jelly can directly 
influence diapause-regulating pathways in a solitary bee and also support the hypothesis that 
there are common regulatory pathways for diapause and caste determination in bees. I also 
showed that, as in social bees, larval nutrition can affect adult female reproductive behavior in 
M. rotundata. These effects were mediated through the influence of diapause status and adult 
body weight on nesting success in the context of experimental manipulation of nest site 
availability. This study demonstrates nutritional regulation of diapause in a solitary bee and 
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provides intriguing parallels between diapause and caste determination that support the 
hypothesis that these two striking forms of phenotypic plasticity in the bees are evolutionarily 
related. 
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INTRODUCTION 
A fundamental goal of evolutionary biology is to understand the origins of novelty 
(Moczek 2005). Social insect castes are novel phenotypes and serve as the foundation for 
eusociality, the most extreme form of social organization on the planet. Most female individuals 
in a social insect colony belong to a functionally sterile “worker” caste that forgoes individual 
reproduction to cooperatively care for the offspring of the reproductive “queen” caste. The queen 
and worker castes typically vary in morphology, physiology, and behavior, and often exhibit 
novel, highly specialized phenotypes not observed in related solitary species (Wilson 1971, 
Smith et al. 2008). Alternative caste development typically occurs during the larval life stage, 
which, in holometabolous insects, has an extreme capacity for plasticity (Wilson 1971, Smith et 
al. 2008, Moczek 2010, Simpson et al. 2011). 
Phenotypic plasticity may be an important driver or facilitator of the evolution of novel 
traits, particularly during early development (West-Eberhard 1989, 2005, Moczek 2005, Moczek 
et al. 2011). Environment-dependent expression of alternative phenotypes has the potential to 
enhance evolutionary change. According to this idea, alternative phenotypes are released from 
the constraints of being expressed in the same individual at the same time, allowing selection to 
act independently on each phenotype (West-Eberhard 1989, Tomkins and Moczek 2009, Snell-
Rood et al. 2010). Plastic phenotypes present in ancestral populations may play an important role 
in directing the evolutionary trajectory of novel traits by dictating which phenotypes are exposed 
to selection and constraining the mechanisms through which evolutionary change can occur 
(Shaw et al. 2007, Ledon-Rettig et al. 2008, Moczek et al. 2011, Rajakumar et al. 2012). 
Understanding the limits, regulation, and mechanisms of plasticity in the solitary ancestors of 
social insect lineages is therefore important to help elucidate the evolutionary routes through 
which castes arise. 
Using solitary species to learn about the evolution of eusociality is currently limited by a 
lack of knowledge of the mechanisms regulating developmental plasticity in phylogenetically 
relevant solitary species (Bloch and Grozinger 2011). I addressed this issue by studying a form 
of larval developmental plasticity in a solitary bee, diapause plasticity, to attempt to identify 
regulatory mechanisms that might be shared with eusocial bees. Bees are  well-suited for 
studying the evolution of eusociality because they are a monophyletic group with a solitary 
common ancestor and because eusociality has evolved more frequently in bees than in any other 
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group (Woodard and Fischman et al. 2011), suggesting that there may be key characteristics of 
solitary bees that promote the evolution of eusociality (Michener 1974). Furthermore, knowledge 
of the regulatory mechanisms involved in social insect caste determination is most advanced in 
the honey bee, A. mellifera (Dixon and Shuel 1963, Weaver 1966, Wilson 1971, Hartfelder and 
Engels 1998, Barchuk et al. 2007, Kucharski et al. 2008, Shi et al. 2011, Mutti et al. 2011, Foret 
et al. 2012), providing a rich foundation for cross-species comparison. 
I used physiological, transcriptomic and behavioral analyses to explore the hypothesis 
that diapause plasticity in a solitary bee and social bee caste determination are evolutionarily 
related. This hypothesis is derived from Hunt and Amdam (2005), who proposed that 
mechanisms involved in regulating diapause in a partially bivoltine solitary ancestor, in which 
some individuals enter diapause and others do not, were co-opted during social evolution to 
regulate caste determination in eusocial wasps. Individuals may experience and/or respond 
differently to environmental conditions as larvae and the developmental decision of whether to 
go into diapause and delay development to adulthood or to forgo diapause and develop into 
adulthood more quickly has profound consequences for adult fitness.  
I explored the hypothesis that diapause and caste determination are evolutionarily related 
by testing the prediction that the principal regulator of social bee caste determination, larval 
nutrition, also affects diapause plasticity in a solitary bee, the alfalfa leafcutting bee, Megachile 
rotundata (Hymenoptera: Megachilidae). All species within Megachilidae are solitary, but this 
family is the sister clade to Apidae, a bee family that contains many social species and multiple, 
independent origins of sociality (Danforth et al. 2006, Schwarz et al. 2007).  M. rotundata is the 
most well-studied and accessible solitary bee species because it is used as a commercially 
managed pollinator for the alfalfa seed industry (Pitts-Singer and Cane 2011). M. rotundata also 
currently has the most advanced genomic resources available for a solitary bee (Woodard and 
Fischman et al. 2011), including a recently sequenced genome (GE Robinson, pers. comm.). It 
also shows a facultative diapause that is accessible to experimentation (Pitts-Singer and Cane 
2011). Nutritional regulation of diapause has been found in some insects (Hahn and Denlinger 
2011), and because social insect larvae that develop into queens are generally more well-
nourished than those that develop into workers (Wilson 1971, Smith et al. 2008), the specific 
hypothesis I tested is that increased nutrition is associated with an increased likelihood of 
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entering diapause. I performed a series of field observations and experimental manipulations to 
test for this causal relationship between larval nutrition and diapause plasticity in M. rotundata. 
 
METHODS 
The methods in this section are similar, in some instances identical, to methods in Chapter 5: 
Comparative transcriptomics of solitary and eusocial behavior across independent origins of 
eusociality. 
 
Nest collection and management. Commercial nesting shelters with thousands of actively 
nesting females were established by alfalfa (Medicago sativa L., Fabaceae) seed growers on their 
farms according to standard practices in the summers of 2010 and 2011 (Richards 1984, Pitts-
Singer 2008). In 2010, the alfalfa field was located in North Logan, UT, and in 2011, the field 
was in Tremonton, UT. In these shelters, females are provided with artificial nest cavities in 
polystyrene “bee boards.” At the USDA-ARS Bee Biology & Systematic Laboratory (BBSL), 
commercial bee boards were cut into smaller “collection boards” (Beaver Plastics, Ltd., Alberta, 
Canada; collection boards = approx. range 30-40cm long; 11-15cm high; all 9cm deep) and 
nesting cavities were lined with custom-made paper straws so that nests could be extracted intact 
by removing this straw lining.  Nests were collected in these boards by placing them in active 
field shelters in the alfalfa fields. Filled boards were collected and replaced with empty boards 1-
2 times weekly. Filled boards were taken back to the laboratory and straws containing newly 
made nests were removed and labeled for monitoring of individual cells.  
 
Provision size and adult body weight measurements from field collected nests. An X-
radiograph was taken of collected nests to be used for measurements of provision size. 
Provisions inside cells can be clearly seen in X-radiographs taken of nests (Figure 4.1A). In 
2010, the X-radiograph was taken with a Faxitron 43855A (product no longer sold), printed on 
film and then scanned to create a digital file of the image. In 2011, the X-radiograph was taken 
with a Faxitron MX-20 with a computed radiography high resolution system (Faxitron X-Ray 
LLC, Linconshire, IL) that directly creates a digital image file. The image processing software, 
ImageJ (Rasband), was used to measure the area of the provision in the X-radiograph. The 
freehand selection tool was used to trace the outline of the provision by hand (Figure 4.1A), and 
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the area (in square pixels) enclosed by the outline was calculated using the “Measure” function. 
Each provision was traced three times, and the mean of these measurements was used as the 
estimate of provision size for each cell.  
Nests were maintained at ambient outdoor conditions at the BBSL to allow for natural 
pupation and adult emergence of non-diapausing bees. According to standard practices (T Pitts-
Singer, pers. comm.), individuals that had not pupated by the end of September were presumed 
to be diapausers, stored for the winter at 4°C starting in early October, and then incubated at 
29°C for pupation and adult emergence the following summer. Adults were weighed within 8h of 
emergence.  
The effects of year, sex, diapause status (diapauser or non-diapauser) and their 
interactions on provision size and adult body weight were evaluated using ANOVA (in R). Post-
hoc, pairwise comparisons were evaluated with Tukey’s HSD test. The correlation between 
provision size and adult body weight was evaluated using the Pearson correlation coefficient 
(with cor.test in R), and ANCOVA (in R) was used to compare the correlation among sex, year, 
and diapause status.  
 
Larval diet manipulations. M. rotundata larvae do not survive well on artificial diets (Nelson et 
al. 1972, Goettel et al. 1993, personal observation). Therefore natural provisions collected from 
nests in the field were used to mass-rear larvae in the laboratory. Diet manipulations for gene 
expression collections were performed in 2010 and diet manipulations for evaluation of diapause 
probability were performed in 2011. Nests were collected as described before from commercial 
nesting shelters in alfalfa seed monocultures from July-August 2011. Thousands of cells were 
dissected out of nests, the egg was removed, and the provision was squeezed out of the cell into a 
collection dish. In 2010, all collected provisions were thoroughly mixed together in one 
homogeneous batch that was used for all diet treatments. In 2011, there were three provision 
collection periods throughout the summer, and all provisions from each collection period were 
mixed before use, resulting in three separate batches of provisions used over the course of the 
experiment. Because pathogens such as A. aggregata are very common in M. rotundata, in both 
years provisions were sterilized by γ-irradiation at a dose of 28 kGy for 12 h (after Xu and James 
2009) (courtesy of G. Hallman, USDA-ARS Subtropical Agricultural Research Center, Weslaco, 
TX, USA) before use. Provisions were aliquoted into round, flat-bottom “rearing dishes.” In 
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2010, I used glass dishes that were 1.5 cm high and 6 cm in diameter with covers (Kimble 
KIMAX, 23060-6015). In 2011, I used plastic dishes that were 2.54 cm high and 3.81 cm in 
diameter with screw-on lids (Widget Supply, XSX4-8744SBB). Due to the consistency of the 
pooled provisions, they formed an even layer across the bottom of the dish. In 2010, provisions 
became dried and hardened in some dishes towards the end of larval development. To remedy 
this problem in 2011, I switched to dishes with screw-on lids and pipetted 0.5 mL of molecular 
biology grade water onto the surface of the provision mass at the beginning of the experiment. 
This also simulated the shallow nectar layer often found on the provision surface in natural nests 
(Trostle and Torchio 1994).  
Eggs were obtained by dissecting nest cells and using a grafting tool to transfer 
unhatched eggs from the cell to surface of the provisions in the rearing dish (4. 2A). To increase 
the proportion of females used in the experiment, eggs were only taken from the back three cells 
of the nest, which typically contain female brood (Pitts-Singer and Cane 2011). To avoid 
genotypic bias, only one egg was taken from each nest. Eggs were collected in daily batches 
grouped by the day the nests were harvested from the field and randomly assigned to a diet 
treatment. Once in the rearing dish, each egg was enclosed by an individually labeled, short 
segment of plastic drinking straw (approx. 2 cm tall × 0.6 cm diameter) pushed to the bottom of 
the dish (Figure 4.2A). In this way, each larvae was provided with the same quantity of food and 
could be individually monitored. In 2010, each rearing dish held ~40 individually labeled eggs. 
In 2011, each rearing dish held 28-33 eggs.  
Rearing dishes were capped and larvae were kept in a dark incubator for the duration of 
development. In 2010, larvae were incubated at 29°C. Higher larval incubation temperatures may 
be associated with higher incidence of diapause (Kemp and Bosch 2000, 2001) therefore in 2011, 
the incubation temperature was reduced to 26°C. Larvae were monitored daily through 
observation under a microscope to record the date of larval hatching, maturation to the final 
instar as indicated by larval defecation, any incidence of mortality (collapsed or unhatched egg, 
or dead larvae) and any evidence of chalkbrood mortality (based on chalky appearance). In 2011, 
water was pipetted into straws as needed to prevent desiccation of provisions and larvae. In 
2010, larvae were collected for gene expression in the 5th instar when a fecal ring was observed 
in the straw, but before cocoon spinning had begun. Larvae were removed from the straw using 
forceps and placed directly into liquid nitrogen. Larvae that were not collected for gene 
	   78	  
expression were allowed to continue development. In 2011, a small subset of larvae (7-29 
individuals per diet) were removed from their cells and weighed during the early 5th instar phase 
before cocoon spinning had begun. After completion of their cocoon, the straw segment 
containing the larvae inside the cocoon was transferred to a No. 0 gelatin capsule (Eli Lilly and 
Co., Indianapolis, IN), and the capsules were x-rayed every other day to determine the date of 
pupation for non-diapausers. Cells were monitored daily for adult emergence of non-diapausers 
through the end of September, then the remaining individuals, assumed to be diapausers, were 
cooled to 4°C for winter storage as per industry management standards (Richards 1984). In the 
summer of 2011, unemerged cells from 2010 were incubated at 29°C to induce adult emergence 
of bees in diapause. Due to logistical issues, unemerged cells from 2011 were maintained in 
winter storage for an extended time period and were incubated at 29°C to induce adult 
emergence in February, 2013. Adults were weighed within 24h of emergence. 
For the gene expression collections in 2010, there were four larval diet treatments 
administered at the level of the rearing dish (Table 4.S1). Three diet treatments varied in the 
quantity of food provided; “Big” diet dishes contained 19.5g natural provisions, “Average” diet 
dishes 12.5g contained, and “Small” diet dishes contained 5.5g natural provisions. The fourth 
diet treatment, “Royal Jelly (RJ),” varied the quality of the food by substituting 50% of the total 
diet weight with fresh frozen honey bee royal jelly (GloryBee Foods, 12371), while the other 
50% remained natural provisions. The total diet weight of the RJ treatment was the same as the 
Average treatment (12.5g). Royal jelly was thawed just before use and thoroughly mixed with 
the natural provisions directly in the rearing dish. Diet quantities were chosen so that the weight 
of food contained inside a straw segment in a Big (0.11g), Average/RJ (0.07g), Small (0.03g) 
rearing dish was equivalent to upper, average, and lower provision weights measured from cells 
collected from natural nests (data not shown).  
For assessing the probability of diapause in 2011, there were six larval diet treatments 
administered at the level of the rearing dish (Table 4.4). A 2×3 factorial design was used to 
investigate effects of diet quantity (by weight) and diet quality (by % royal jelly). There were 
two quantities: “Big” and “Small.” Big diet dishes contained 11.5 g of food with ~0.13g of food 
in each straw and Small diet dishes contained 3.5g of food with ~0.3g of food in each straw. 
There were three quality categories: “0% RJ”, “20% RJ”, and “50% RJ”. In these diets, 0%, 20% 
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or 50% of the total diet weight was royal jelly and the rest was natural provisions. Royal jelly 
was administered to rearing dishes as described above.  
For the diet manipulations used for gene expression collections in 2010, a generalized 
linear mixed model was used to evaluate the fixed effects of diet on mortality and the fixed 
effects of diet, sex, and their interaction on adult weight (using GLIMMIX in SAS). Rearing dish 
was included as a random effect. I specified a binomial distribution with a logit link function for 
the mortality and a normal distribution with an identity link function for adult weight. Post-hoc, 
pairwise comparisons were evaluated with Tukey’s HSD test. 
For the diet manipulation used for evaluating diapause probability in 2011, a generalized 
linear mixed model was used to evaluate the effects of diet quantity, diet quality, and the 
interaction between diet quantity and quality on diapause incidence, mortality and chalkbrood 
incidence (using GLIMMIX in SAS). Rearing dish was included as a random effect and I 
specified a binomial distribution with a logit link function for the response variables. ANOVA 
(in R) was used to evaluate the effects of diet quantity, diet quality, the interaction between diet 
quantity and quality, sex (for adult weight only), and diapause status (for adult weight only) on 
larval and adult weight. Post-hoc, pairwise comparisons were evaluated with Tukey’s HSD test. 
 
Gene expression sample preparation. RNA was isolated from the whole larval body using an 
RNeasy Mini Kit (QIAGEN). I used ten samples from each of the four diet manipulations. One 
sample was hybridized per array, resulting in 40 total microarrays for each experiment. Total 
RNA (250-1000 ng per sample) was reverse transcribed and linear amplified according to 
manufacturer’s instructions (Agilent Technologies). Samples were hybridized on the microarray 
slide and washed according to the Agilent protocol. Slides were scanned using an Axon 4000B 
scanner and images were analyzed using GENEPIX software (Agilent Technologies, Santa 
Clara, CA). 
 
Microarray. An Agilent 4 x 44K microarray was designed from expressed sequence tags (ESTs) 
obtained from 454/Roche pyrosequencing of M. rotundata mRNA isolated mainly from brain 
tissue (90% brain + 10% abdomen) (Woodard et al. 2011). Each microarray slide contained 4 
identical arrays, each containing approximately 44K EST-based probes corresponding to a total 
of 18,334 unique ESTs. After development of the EST-based microarray was complete, the 
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whole genome of M. rotundata was sequenced (GE Robinson, unpublished) and then annotated 
using the automated genome annotation pipeline MAKER (Cantarel et al. 2008) (an analysis of 
the whole genome will be published elsewhere). To improve annotation of the microarray, ESTs 
were mapped to the M. rotundata MAKER gene predictions and orthology was determined 
between M. rotundata MAKER gene predictions and both A. mellifera and D. melanogaster 
using top reciprocal BLAST and one-way BLAST as follows. To map ESTs to the M. rotundata 
genome, each EST was blasted against the M. rotundata MAKER gene predictions using blastn 
(e-value<1-6) and then the top M. rotundata MAKER gene prediction was blasted back against 
the ESTs. Top reciprocal matches were identified as those M. rotundata MAKER gene 
predictions whose top hit was the same EST for which it was the top hit. If no top reciprocal 
BLAST match was found, the top one-way BLAST hit identified by blasting the EST sequence 
against the M. rotundata MAKER gene predictions using blastn (e-value<1-6) was used. Out of 
45,578 ESTs, 7,964 had a top reciprocal BLAST match to the M. rotundata MAKER gene 
predictions, 11,707 had a one-way BLAST match, and 25,906 could not be mapped. This 
resulted in 15,873 probes on the microarray annotated to a M. rotundata MAKER gene 
prediction out of 26,803 total probes on the array. Orthology between M. rotundata MAKER 
gene predictions and A. mellifera genome gene models (“prerelease2”: 
amel_OGSv1.1_transcript) and D. melanogaster genome gene models (Release 5.49: dmel-all-
CDS-r5.49) were determined in the same hierarchical way except if a top reciprocal BLAST 
match was not found using blastn, blastp was used (e-value<1-6) and then if a top one-way 
BLAST match was not found using blastn, blastp was used (e-value<1-6). When blastp was used 
the search and query sequences were predicted protein sequences (A. mellifera prerelease2: 
amel_OGSv1.1_pep  D. melanogaster Release 5.49: dmel-all-translation-r5.49). Of the 15,873 
probes on the array with M. rotundata MAKER gene predictions, 15,403 had an A. mellifera 
annotation and 14,314 had a D. melanogaster annotation. This resulted in the representation of 
5,287 (47% of genome) M. rotundata genes, 4,723 (44% of genome) A. mellifera genes, and 
4,070 (29% of genome) D. melanogaster genes on the array. 
 
Microarray analysis. Microarray data pre-processing and statistical analyses were done in R 
using the limma package (Smyth 2005). In both experiments, background flourescence was low 
and similar among arrays; therefore no correction for background was done. Because only one 
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sample was hybridized to each microarray slide, the single-channel expression values were 
normalized with the quantile method (Smyth and Speed 2003) then log2 transformed. To account 
for multiple testing, the False Discovery Rate method was used to calculate adjusted p-values 
separately for each test (Benjamini and Hochberg 1995). 
Pairwise comparisons were conducted among all 4 diet treatments, resulting in 6 pairwise 
tests, accounting for variation due to differences among microarray slides and diet rearing dish. 
This resulted in six gene lists: Big vs. Small (“B/S”), Big vs. Average (“B/A”), Average vs. 
Small (“A/S”), Big vs. RJ (“B/RJ”), Average vs. RJ (“A/RJ”), and Small vs. RJ (“S/RJ”). To 
examine similarities among the pairwise larval diet comparisons, hierarchical clustering (using 
hclust in R) was performed using the complete linkage method based on the presence/absence of 
a probe in the list of differentially expressed probes (FDR<0.05) in each comparison.  
I searched for functional enrichment of Gene Ontology (GO) categories in the lists of 
DEGs from each test using the functional annotation tool on the DAVID website (Dennis et al. 
2003). GO categories were assigned based on orthology to D. melanogaster. The background list 
to which gene lists were compared contained all genes represented on the microarray. Categories 
were considered to be enriched in a list at a significance level of P<0.05.  
 
Gene list comparisons. The six M. rotundata diet gene lists were compared to two previously 
published gene lists associated with caste determination in A. mellifera larvae. The first A. 
mellifera gene list came from a study that compared whole body gene expression of 3rd, 4th, and 
5th instar larvae reared on worker or queen diets (“Am Queen/Worker Larva,” Barchuk et al. 
2007). The second list came from a study that compared whole body gene expression in late 3rd 
instar larvae reared on a worker diet that were treated with injected RNAi to knockdown 
expression of a key gene involved in epigenetic reprogramming in the genome, DNA 
methyltransferase-3 (Dnmt3) or a control (“Am Dnmt3 RNAi Treatment,” Kucharski et al. 2008). 
This RNAi treatment caused larvae reared on a worker diet to develop into queens.  
Gene lists were compared based on A. mellifera orthologs which were independently 
determined in each study and only genes that were assayed in both studies in a comparison were 
considered in the analysis. A one-tailed hypergeomentric test (phyper in R) was used to test 
whether there was a significant overlap in the DEGs from each study given the background of 
the genes assayed in both studies (Alaux et al. 2009, Toth et al. 2010).   
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Adult female nesting assays. Diapausing prepupae in their natural cells were obtained from 
commercial bee suppliers (JWM Leafcutters, Nampa, ID) in the winter and maintained in 
diapause at 4°C. Non-diapausing cells were obtained by collecting nests from the 
aforementioned commercial nesting shelters and maintaining nests at ambient outdoor conditions 
at the BBSL. These nests were periodically X-rayed to identify cells with pupae, indicating that 
these individuals were destined to emerge as non-diapausers. These cells were dissected out of 
the nests, put into individual No. 0 gelatin capsules and monitored for adult emergence. To 
coordinate adult emergence of diapausers and non-diapausers, batches of diapausing cells were 
incubated every few days at 29°C to break diapause, starting approximately 3 weeks before 
expected non-diapauser emergence (in early August).  
On the first day of an assay, an equal number of female diapausers and non-diapausers 
that had emerged within the last 24 hours were weighed, chilled on ice and uniquely paint-
marked. Females were released together with approximately 10 males in a screened enclosure 
(length × width × height = 6 × 6 × 2 m) over a plot of blooming alfalfa in Logan, Utah (U.S.A.). 
Several enclosures were used for different cohorts of age-matched bees and each enclosure was 
equipped with a portion of commercial polystyrene nesting board housed in a small wooden 
domicile suspended approximately 1 m above the ground on a metal post. Nesting holes were 
lined with removable paper straws to facilitate observations. Nest progression was monitored 
nightly by marking the position on the paper straw the end of the nest had reached. All nesting 
assays ran for eight days, at which time nests were collected and x-rayed to show the number of 
cells built during the assay.  
In the non-competitive assay, there were at least two nesting holes per each female 
released in the enclosure. The non-competitive assay was run as three replicates by releasing one 
cohort of 20-25 age-matched females into separate field enclosures on three successive days in 
August in both 2010 and 2011. In the competitive assay, there was one nesting hole per two 
released females. The competitive assay was run as four replicates by releasing two cohorts of 
18-24 age-matched bees into separate field enclosures on two successive days in August 2011.  
For the non-competitive assays, human observers sat in the field cage by the nesting 
domicile and recorded nesting activity to determine nest ownership. A female was considered to 
own a nest if she was seen carrying leaf material and/or pollen into a nesting hole at least three 
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times during the observation period. M. rotundata have high nest fidelity and in the field 
enclosures it is very rare that a female deposits nesting material into a nest that is not her own 
(personal observation). Observations continued until nest ownership was determined for each 
active nest each day. For the competitive assays, human observers could not be used because 
females without nests would actively investigate any novel object brought into the enclosure as a 
potential nesting site, including any exposed human orifice or clothing items with the appearance 
of a hole (e.g., grommet in belt or hat). Instead, video recordings were used. Tripods were set up 
in the enclosures and covered in black felt before bees were released and left in the cage for the 
duration of the experiment so the bees would acclimate to their presence. Each day a video 
camera was brought into the cage and installed on the tripod, the camera was covered with black 
felt and left to record nesting activity for 1 hour. Daily nest ownership was assigned if a female 
was seen bringing leaf material and/or pollen into a nesting hole at least once during the 
observation period (though most bees were seen many more times) and no other bee was 
observed bringing nesting material into that hole.  
A generalized linear mixed model was used to evaluate the effects of diapause status 
(diapauser or non-diapauser) and weight on the response variables. Replicate was included as a 
random effect and I specified a Poisson distribution with a log link function for the response 
variables. For the non-competitive assay, the response variables were total cells built during the 
experiment and the number of days until a bee initiated nesting. To investigate the relationship 
between weight and total cells built in 2011, a pseudo-R2 was calculated using a general linear 
model with a Poisson distribution, ignoring the random effect of replicate. For the competitive 
assay, the response variable was the number of days a female controlled a nesting hole. In order 
to pool the data from the four replicates in the competitive assays, weights were standardized 
using z-scores to account for variation in the distributions of weights among replicate. 
 
RESULTS 
Differences in larval provision size and adult body weight between diapausers and non-
diapausers. In order to investigate the relationship between larval nutrition and diapause in a 
naturalistic setting, field surveys of natural nests were conducted to compare larval provision size 
and adult body weight between diapausing (“diapausers”) and non-diapausing (“non-
diapausers”) bees. M. rotundata females mass-provision their cells; therefore, the only source of 
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nutrition available to a developing larva until adult emergence is the pollen and nectar mass 
provided in the cell, and a larva almost always consumes the entire provision (Trostle and 
Torchio 1994). Nests were collected from commercial nesting shelters in alfalfa seed 
monocultures in the summers of 2010 and 2011. X-radiographs of collected nests were taken to 
allow for non-disruptive measurement of the provision size in a cell (Figure 4.1A). Nests were 
managed according to standard industry practices and individual cells were monitored until adult 
emergence to record diapause status and adult body weight. Provision size and adult body weight 
measurements were collected for a total of 754 bees (2010: female diapausers=83, female non-
diapausers=83, male diapausers=76, male non-diapausers=79; 2011: female diapausers=113, 
female non-diapausers=71, male diapausers=87, male non-diapausers=162).  
Provision size was significantly affected by sex (F1,746=402, P<0.001), diapause status 
(F1,746=151, P<0.001), and the interaction between year and sex (F1,746=6.21, P=0.002). Pairwise 
comparisons revealed that females had larger provision sizes than males, and within each sex 
diapausers had larger provisions sizes than non-diapausers (Figure 4.1B, Tukey HSD P<0.001). 
Adult body weight was significantly affected by sex (F1,746=460, P<0.001), diapause 
status (F1,746=28.5, P<0.001), and their interactions with year (Year x Sex: F1,746=12.0, P<0.001; 
Year x Diapause Status: F1,746=34.3, P<0.001). Pairwise comparisons revealed that diapausers 
weighed significantly more than non-diapausers in 2010, but not 2011 (Figure 4.1C, Tukey HSD 
P<0.001).  
Provision size was highly correlated with adult body weight (R2=0.56, Figure 4.1D). 
There was a significant effect of the interaction between diapause status and year on the 
relationship between provision size and adult body weight (F3,749=3.53, P<0.05). This effect was 
driven by diapausers in 2011, which have a higher intercept (95% confidence interval: 2011 
diapausers=0.0485-0.0682; Others=0.0260-0.0350) and a lower slope (95% confidence interval: 
2011 diapausers=0.00149-0.00219; Others=0.00236-0.00269) than all other groups. Provision 
size and adult body weight were also less correlated in 2011 with diapausers compared to other 
groups (R2: 2011 diapausers=0.35; Others=0.62). 
 
The effects of larval diet manipulations on gene expression. I also directly manipulated larval 
nutrition in the laboratory to test for causal effects of diet quantity and quality on diapause while 
controlling for other factors. To isolate the effects of larval diet on gene expression, larvae were 
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mass-reared in a controlled laboratory setting on manipulated diets consisting of provisions 
collected from natural nests (“natural provisions”) (Figure 4.2A). There were four diet 
manipulations (Table 4.S1): three diets varied the quantity of food (by weight), “Big,” 
“Average,” and “Small,” and one diet, “Royal Jelly (RJ),” varied the quality of the food by 
substituting 50% of the total diet weight with fresh frozen honey bee royal jelly while the other 
50% remained natural provisions. The RJ diet contained the same total amount of food as the 
Average diet. Royal Jelly is a nutrient-rich substance found only in honey bees, produced in 
specialized glands in brood-feeding workers. Caste determination in honey bees is mainly 
regulated by the amount of royal jelly consumed by developing larvae (Michener 1974, Wilson 
1971). Although royal jelly is a highly derived substance that M. rotundata never encountered in 
its evolutionary history, results from Drosophila melanogaster with the royal jelly component 
royalactin (Kamakura 2011) support the idea that royal jelly can serve as a nutritional 
supplement that increases the nutritional quality of the larval diet. A subset of larvae reared on 
each diet were collected for gene expression analysis in the 5th instar. The rest of the larvae were 
reared to adult emergence to allow for evaluation of the effects of the diet manipulations on 
survival to the adult stage and adult weight.  
There was a significant effect of larval diet and sex on adult weight (Diet: F3,13=18.8, 
P<0.01; Sex: F1,127=10.4, P<0.01), but no effect of their interaction. Pairwise comparisons 
revealed significant adult weight differences among all diets except for the A and RJ diets, which 
contained the same diet quantity (Figure 4.S1A-B, TukeyHSD P<0.01). Pairwise comparisons 
revealed that within each sex and diet, the adult weight of diapausers and non-diapausers did not 
differ (Tukey HSD P>0.01; diapausers and non-diapausers within each sex and diet group were 
combined for analysis because sample size was low for most non-diapauser groups). Mortality 
was 53% on average, and did not significantly differ among the diets (F3,16=1.46, P=0.26). 
Causes of mortality include failed egg transfers, desiccation, and chalkbrood infection, but some 
mortality was caused by unknown factors. 
A custom Agilent microarray based on M. rotundata transcriptome sequencing (Woodard 
and Fischman et al. 2011) was used to measure gene expression. Differentially expressed genes 
(DEGs) were identified in pairwise comparisons among the four diets resulting in six gene lists 
(Table 4.1). The comparison between the two diets that differed the most in quantity, Big and 
Small, also resulted in the most DEGs (Big/Small gene list: 1112) whereas the comparison 
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between Big and Average diets resulted in the fewest DEGs (Big/Average gene list: 20). Among 
the three comparisons involving the RJ diet, the fewest DEGs were identified in the comparison 
between the RJ and Small diets. Hierarchical clustering revealed that the three comparisons 
involving the RJ diet were more similar to each other than to comparisons among diet quantities 
(Figure 4.2B).  
To infer functional themes from the lists of DEGs, I searched for enrichment of Gene 
Ontology (GO) categories in each list. There were many (30-70) GO categories enriched in each 
list except Big/Average, which had none (Table 4.S2). In general, the gene lists were enriched 
for functions associated with metabolism and biosynthesis, particularly involving nucleotides, 
proteins, and carbohydrates. The Average/Small list was enriched for functions associated with 
nucleotide biosynthesis and metabolism, protein catabolism and response to radiation. The 
Big/Small list was enriched for functions associated with amino acid biosynthesis and 
metabolism, nucleotide biosynthesis and metabolism, regulation of growth, aging, axonogenesis, 
and ATPase activity. The Big/RJ list was enriched for functions associated with cofactor 
biosynthesis and metabolism, nucleotide biosynthesis and metabolism, and protein folding. The 
Average/RJ list was enriched for functions associated with nucleotide biosynthesis and 
metabolism, protein catabolism, and organic acid transport. The Small/RJ list was enriched for 
functions associated with amino acid activation, cellular homeostasis, and carbohydrate 
biosynthesis and metabolism. There were also some trends in GO enrichment associated with the 
diet list comparisons involving RJ. All three lists involving comparisons with the RJ diet were 
enriched with genes involved in the KEGG pathway “retinol metabolism.” Both the Small/RJ 
and Big/RJ lists were enriched with genes involved in the KEGG pathways “drug metabolism” 
and “metabolism of xenobiotics by cytochrome P450.” These pathways also showed trends 
towards significant enrichment in the Average/RJ list (drug metabolism P=0.099; metabolism of 
xenobiotics by cytochrome P450 P=0.080). 
 
Overlaps between genes associated with the solitary bee response to larval nutrition and 
eusocial bee caste determination. I used hypergeometric tests to evaluate whether there were 
significant overlaps between the M. rotundata and A. mellifera DEG lists (Table 4.2). The first A. 
mellifera list contained DEGs for larvae reared on queen or worker diets (“Am Queen/Worker 
Larva,” Barchuk et al. 2007). There were trends towards significant overlaps with all M. 
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rotundata diet gene lists (P<0.07), however only the Big/Small and Average/RJ lists showed 
significant overlap with a p-value cut-off of P<0.05. The second A. mellifera list contained DEGs 
for larvae treated with RNAi to knockdown expression of a key gene involved in epigenetic 
reprogramming in the genome, DNA methyltransferase-3 (Dnmt3, “Am Dnmt3 RNAi 
Treatment,” Kucharski et al. 2008). This RNAi treatment causes larvae reared on a worker diet to 
develop into queens. Significant overlaps were found with the three M. rotundata lists involving 
comparisons with the RJ diet (Small/RJ P<0.01; Average/RJ and Big/RJ P<0.05).   
To identify specific genes that are consistently associated with both the M. rotundata 
response to larval nutrition and A. mellifera caste determination, I searched for genes that were 
differentially expressed across multiple comparisons. I searched for genes that overlapped among 
all three M. rotundata lists involving comparisons with the RJ diet (Big/RJ, Average/RJ, 
Small/RJ) and each of the above A. mellifera caste determination lists (Table 4.3). I found three 
overlapping genes with the A. mellifera Queen/Worker list and two overlapping genes with the 
A. mellifera Dnmt3 RNAi Treatment list. I also looked for overlap between the A. mellifera 
Queen/Worker list and the two M. rotundata lists that significantly overlapped with this list 
(Big/Small and Average/RJ) and found eight overlapping genes. 
 
The influence of larval nutrition on diapause. A second set of larval diet manipulations were 
used to test whether larval nutrition plays a causal role in the likelihood of entering diapause. 
The mass-rearing protocol used in this experiment was very similar to the protocol used in the 
gene expression experiment, but the methods were refined to increase survival and sample size. 
Six diets were tested using a 2×3 factorial design to investigate effects of two diet quantities (by 
weight), “Big” and “Small,” and three diet qualities, “0% RJ,” “20% RJ,” and “50% RJ,” in 
which 0%, 20%, or 50% of total diet weight was honey bee royal jelly and the rest was natural 
provisions (Table 4.4).  
Mortality to adulthood was 60% on average among the diets and there was a significant 
effect of diet quantity on mortality (F1,37 =7.15, P<0.05), with Small diets having a lower 
mortality rate (54%) than Big diets (67%). The 20% RJ Small diet had a significantly lower 
mortality rate (43%) than all other diets except the 50% RJ Small diet (Tukey HSD P<0.05). 
Causes of mortality include failed egg transfers, desiccation, and chalkbrood infection, but some 
	   88	  
mortality was caused by unknown factors. Incidence of chalkbrood was 22% on average and did 
not significantly differ among diets (Tukey HSD P>0.1).  
 There was a significant effect of diet quantity (F1,87=14.02, P<0.01) and quality 
(F2,87=20.09, P<0.01) on larval weight. Pairwise comparisons revealed that larvae reared on 
Small diets containing 20% or 50% RJ weighed significantly less (Tukey HSD P<0.01) than 
larvae reared on the Small diet without royal jelly (0% RJ) and larvae reared on Big diets (Tukey 
HSD P<0.05; Figure 4.3A). The effect of royal jelly within the Big diets was only seen in larvae 
reared on the 20% RJ diet which weighed significantly less (Tukey HSD P<0.05) than larvae 
reared on the 0% RJ Big diet, although there was a trend in the same direction for larvae reared 
on the 50% RJ Big diet (Figure 4.3A). The reason why the effects of royal jelly on larval weight 
appear stronger in the Small than Big diets may be because at the developmental stage larvae 
were weighed (early 5th instar), Small diet larvae had consumed all the food provided to them 
while Big diet larvae were still eating.  
There was a significant effect of diet quantity (F1,95=292, P<0.01), diet quality 
(F2,95=27.60, P<0.01), sex (F1,95=18.06, P<0.01) and diapause status (F1,95=7.61, P<0.01) on 
adult weight. Due to low sample sizes in some groups, all relevant pairwise comparisons within 
sex and diapause status among diets could not be analyzed. However, the general pattern 
observed in comparisons that could be analyzed show that individuals reared on Small diets 
weighed less than individuals reared on Big diets and individuals reared on diets containing royal 
jelly weighed less than individuals reared on diets that did not contain royal jelly or contained 
lower % royal jelly (Figure 4.3B, C). The weights of diapausers and non-diapausers within each 
sex and diet were combined for further pairwise comparisons because sample size was low for 
most diapauser groups and pairwise comparisons revealed that within each sex and diet, the 
weight of diapausers and non-diapausers did not differ (Tukey HSD P>0.01). 
Females reared on Small diets containing royal jelly weighed significantly less than 
females reared on Small diets without royal jelly (Tukey HSD P<0.01, Figure 4.3B) or females 
reared on Big diets (Tukey HSD P<0.01, Figure 4.3B). Females reared on Big diets containing 
royal jelly did not weigh significantly less than females reared on Big diets without royal jelly 
(Tukey HSD P>0.05). One explanation for this result is that females from the 20% and 50% RJ 
Big diets were almost exclusively diapausers while females reared on the 0% RJ Big were almost 
exclusively non-diapausers. Due to a particularly long over-wintering period experienced by 
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these diapausers, perhaps only the very largest individuals were able to survive to adult 
emergence. It is also notable that females reared on the Big diet that contained the most royal 
jelly (50% RJ) weighed significantly less than females reared on diet that contained less royal 
jelly (20% RJ, Tukey HSD P<0.01, Figure 4.3B). 
Due to low sample sizes, male adult weights could not be compared across all diets. 
However, pairwise comparisons show that males reared on the 50% RJ Small diet weighed 
significantly less than males reared on the 0% RJ Small diet and the 0% RJ Big diet (Tukey HSD 
P<0.01, Figure 4.3C). Males reared on the 0% RJ Small diet also weighed less than males reared 
on the 0% RJ Big diet (Tukey HSD P<0.01, Figure 4.3C). 
There were significant effects of diet quantity (F1,37=6.38, P<0.02) and quality 
(F2,37=6.15, P<0.01) on the probability that a larva would enter diapause. Larvae reared on Big 
diets were more likely to enter diapause than larvae reared on Small diets (Figure 4.3D). 
Pairwise comparisons showed that larvae reared on diets containing royal jelly were more likely 
to enter diapause than larvae reared without royal jelly, with the exception of the 50% RJ Small 
diet (Figure 4.3E). Larvae reared on the 50% RJ Small diet were significantly less likely to enter 
diapause than the three other royal jelly containing diets (Tukey HSD, P<0.05, Figure 4.3E). 
Larvae reared on the 20% RJ Small diet were significantly more likely to enter diapause than 
larvae reared with 50% or 0% RJ Small diets (Tukey HSD, P<0.05, Figure 4.3E). Furthermore, 
larvae reared on the 20% RJ Small diet were just as likely to enter diapause as larvae reared on 
any of the three Big diets (Tukey HSD P>0.05, Figure 4.3E), despite having significantly less 
total food. Larvae reared on the 50% RJ Big diet, which contained the most royal jelly (5.75g), 
were significantly more likely to enter diapause than larvae reared on all other diets, except the 
20% RJ Big diet, which contained the second most royal jelly (2.30g) (Tukey HSD P<0.05, 
Figure 4.3E). 
 
The influence of larval nutrition on adult nesting success. To investigate the effects of larval 
nutrition on adult female reproductive behavior, I evaluated female nesting performance of 
naturally reared female diapausers and non-diapausers across a range of adult body weights in 
both competitive and non-competitive nesting assays that I developed for this purpose. Newly 
emerged female diapausers and non-diapausers were weighed upon adult emergence, uniquely 
paint-marked, then released in age-matched cohorts into screened enclosures over a plot of 
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alfalfa (Medicago sativa L., Fabaceae). Enclosures were equipped with artificial nesting boards. 
In the non-competitive assay, nesting boards contained at least two nesting holes per released 
female. In the competitive assay, there was only one nesting hole per two released females. 
Nesting activity was monitored for eight days to determine the day of nest initiation, daily nest 
ownership and daily nest progression. An x-radiograph was taken of nests at the end of the assay 
to determine the total number of cells built by each female.  
The non-competitive assays were run in the summers of 2010 and 2011, and a total of 41 
diapausers and 46 non-diapausers were observed. After evaluating the results of analyses 
performed on pooled data from both years of the non-competitive assays, it was clear that year 
had a strong effect on the results and therefore, I analyzed the data from each year separately. In 
2010, 38 bees were observed and there was a strong effect of diapause status on the total cells 
built (P<0.001), with non-diapausers building more cells than diapausers (Figure 4.4A). There 
was no effect of weight on total cells built (P>0.05, Figure 4.4B). In 2011, 49 bees were 
observed and there was no effect of diapause status on total cells built. There was a statistically 
significant effect of weight on total cells built (P<0.05), however, weight appeared to explain 
very little of the variation in total cells built (Figure 4.4C). The pseudo-R2 for the relationship 
between weight and total cells built was 0.064, confirming that weight was not an important 
factor influencing total cells built in 2011. There was no effect of diapause status or weight on 
the latency to nesting in either year (P>0.05). Differences in weather conditions and the 
condition of the alfalfa bloom between 2010 and 2011 may help explain the different results 
found in each year. Nesting was generally reduced in 2011 relative to 2010, with bees taking 
longer to initiate nests (2010: 2.7 days, 2011: 5.0 days) and building less total cells per bee 
(2010: 4.6 cells, 2011: 2.4 cells) on average in 2011 relative to 2010. These results suggest that 
non-diapausers had a nesting advantage in the environmental conditions of 2010 but lost that 
advantage due to the conditions of 2011.  
The competitive nesting assay was run in the summer of 2011 and a total of 36 diapausers 
and 35 non-diapausers were observed. There was a high turnover in nest ownership and females 
had to vigilantly defend their nests and expel intruders in order to maintain nest ownership 
throughout the experiment. There was a significant effect of weight on the number of days a 
female controlled a nesting hole (P<0.001, Figure 4.5). There was no effect of diapause status, 
although there was a trend for diapausers to spend more days controlling a nesting hole than non-
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diapausers (2.4 (mean) days controlling a nest for diapausers vs. 1.9 for non-diapausers). The 
relationship between weight and the number of days a female controlled a nesting hole appeared 
to be non-linear, so I added a quadratic effect of weight to the model and found that this effect 
was significant (P<0.001, Figure 4.5). In general, heavier bees tended to outcompete lighter bees 
for nesting holes, however the very heaviest bees did not compete as well as bees of intermediate 
weight. The diameter of the nesting holes may have impeded the heaviest bees.  
 
DISCUSSION 
This study demonstrates nutritional regulation of diapause plasticity in a solitary bee, and 
provides evidence in support of the hypothesis that facultative diapause in solitary bees is 
evolutionarily related to caste determination in social bees. Larval nutrition was shown to play an 
important role in regulating diapause plasticity in M. rotundata; although there are no social 
lineages in Megachilidae, my results make more plausible the possibility that the solitary 
ancestor of social bees possessed nutritionally-dependent alternative developmental pathways 
available for modification during social evolution, as hypothesized for wasps (Hunt and Amdam 
2005, Hunt et al. 2007). Although the majority of social bee species evolved in the tropics 
(Roubik 1989), it is reasonable to expect that a tropical, solitary ancestor of social bees may have 
been partially bivoltine. Facultative diapause in response to wet/dry seasonal changes is well-
documented in many tropical insects, including bees and other hymenopterans (Nishida 1955, 
Claret and Carton 1980, Denlinger 1986). Also, facultative diapause seems to be common in 
solitary bees and wasps and is observed in non-tropical species as well (Torchio and Tepedino 
1982, Seger 1983, Neff and Simpson 1992, Brockman 2004, Schwarz et al 2007). This lifecycle 
feature shares similarities to social insect caste determination in that both processes involve 
alternative developmental trajectories that lead to the expression of alternative adult phenotypes, 
diapausers or non-diapausers in partially bivoltine species and queens or workers in social 
insects. Additionally, facultative diapause can offer conditions for mothers to interact with their 
offspring, which is one prominent route to eusociality (Michener 1974, Seger 1983). 
Many of the genes that responded to nutritional manipulation in M. rotundata also are 
associated with caste determination in A. mellifera, suggesting that common molecular pathways 
underlie both of these nutrition-dependent processes of developmental plasticity. Genes that 
showed the strongest associations with both the solitary and eusocial larval gene expression 
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profiles may represent components of a genetic toolkit involved in caste evolution.  A number of 
genes that were common to multiple M. rotundata larval nutrition gene lists and at least one of 
the A. mellifera caste determination lists are involved in functions associated with caste 
differences (Table 4.3). In many eusocial insects, the queen caste has a greatly extended lifespan 
relative to the worker caste (Heinze and Schrempf 2008) and I identified two overlapping genes, 
fatty acid transport protein and ecdysone-inducible gene L3, that are involved in nutrition-
associated effects on longevity across multiple species (Antosh et al. 2011, Sujkowski et al. 
2012). Differences in ovary size and function between honey bee queen and worker castes are 
established during larval development (Cruz-Landim et al. 2006) and I found a number of 
overlapping genes involved in oogenesis including squid, methionine aminopeptidase, and 
regulatory particle non-ATPase 6 (Shimada et al. 2011, Krauchunas et al. 2012). Additionally, 
one gene, the aldehyde dehydrogenase cg31075, was found on all M. rotundata Royal Jelly 
associated lists and overlapped with both A. mellifera larval caste determination lists. During 
larval development in D. melanogaster, this is gene regulated by epidermal growth factor 
receptor (egfr) (Butchar et al. 2012) which is a gene that mediates the effects of royal jelly on A. 
mellifera caste determination (Kamakura 2011). The genes highlighted here may represent 
components of ancestral molecular pathways that were involved in the evolution of castes in A. 
mellifera. 
 My finding that variation in larval provision size correlates with adult weight is 
consistent with previous work in M. rotundata and other bee species (Klostermeyer et al. 1973, 
Bosch and Vicens 2002). The relationship between provision size and adult weight was highly 
similar among diapausers and non-diapausers in 2010 and non-diapausers in 2011, however 
diapausers in 2011 showed a slightly different pattern. For the diapausers in 2011 the correlation 
was not as strong and they did not gain as much weight per unit provision size as the other 
groups. This pattern may explain why there was no difference in adult weight between 
diapausers in non-diapausers in 2011, despite there being a difference in provision size. This 
result also reinforces the notion that diapause can be energetically costly and this cost may vary 
from year to year (Hahn and Denlinger 2011).  
The field surveys demonstrated that non-diapausers have smaller provisions than 
diapausers under natural conditions, suggesting that larval nutrition is involved in diapause 
regulation in M. rotundata. I directly tested for a causal effect of larval nutrition on diapause 
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regulation through manipulation of larval diet in controlled laboratory conditions and found that 
diet quantity and quality influenced the probability that larvae entered diapause. Although there 
are likely multiple factors involved in diapause regulation in M. rotundata (Pitts-Singer and Cane 
2011), these results suggest that larval nutrition is one of these factors.  
The results of my study provide support for the hypothesis that social insect caste 
evolution involved a co-option of ancestral pathways regulating nutritionally-dependent diapause 
plasticity (Hunt and Amdam 2005, Hunt et al. 2007). Theoretical modeling showed that a 
mechanistic framework based on a theoretical nutritionally-regulated diapause can reproduce 
naturally observed colony-level characteristics of social wasps (Hunt and Amdam 2005). 
Molecular studies have documented that social wasp castes differ in transcript and protein levels 
of some genes implicated in diapause in other insects (Hunt et al. 2007, Hunt et al. 2010). I have 
provided the first evidence for nutritional regulation of diapause in a solitary species that is 
closely related to a social species, which helps support the possibility that nutrition-dependent 
plasticity in larval development may have been present in the solitary ancestor of social bees and 
the mechanisms involved in this process may have been co-opted during the evolution of social 
insect castes. 
The effects of royal jelly on M. rotundata larval development and diapause were 
surprising. Royal jelly is a nutrient-rich substance and phenotypic differences between honey bee 
castes, such as body weight, are attributed to caste differences in royal jelly consumption 
(Michener 1974, Wilson 1971). I predicted that royal jelly would increase the nutritional quality 
of the larval diet for M. rotundata, as it has been shown to do in D. melanogaster (Kamakura 
2011). Contrary to my predictions, royal jelly did not appear to serve as a nutritional supplement 
for M. rotundata. Individuals reared on diets containing royal jelly tended to weigh less than 
individuals reared on quantity-matched diets without royal jelly. Consistent with this 
observation, larvae reared on the Royal Jelly diet had the most similar gene expression patterns 
to larvae reared on the diet that had the least amount of food, despite being reared on a diet that 
provided over twice as much total food. Additionally, functional enrichment analysis of the M. 
rotundata gene lists found that the comparisons with the Royal Jelly diet were enriched for 
functions associated with drug and xenobiotic metabolism suggesting that M. rotundata larvae 
reacted to some components of royal jelly as if they were foreign compounds that could not be 
digested. 
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My manipulations of diet quantity suggest that decreased nutrition would result in 
decreased diapause incidence. However, although royal jelly appeared to decrease the nutritional 
quality of the larval diet, larvae reared on diets containing royal jelly were significantly more 
likely to enter diapause than larvae reared without royal jelly in most cases. This result was 
particularly striking in the 20% RJ Small diet manipulation which produced the lowest weight 
individuals of all diets except 50% RJ Small, yet was among the diets that induced the highest 
probability of diapause. This suggests that royal jelly may be able to directly affect pathways that 
regulate diapause in M. rotundata, possibly overriding input from natural cues of nutritional 
status to cause larvae to enter diapause with lower than normal energy reserves. 
This idea is consistent with recent studies in A. mellifera that suggest that royal jelly does 
not regulate caste determination simply by increasing larval nutrition, but rather it contains active 
compounds with specific molecular functions (Kamakura 2011, Spannhoff et al. 2011). My gene 
expression results provide further support for this hypothesis. Even though royal jelly appears to 
have opposite effects on larval nutrition in M. rotundata and A. mellifera, there were significant 
and nearly significant overlaps between the M. rotundata and A. mellifera gene lists that 
involved comparisons of larvae reared on royal jelly. In particular, my transcriptional profiles of 
M. rotundata larvae reared on a royal jelly-containing diet support recent work in A. mellifera 
suggesting that components of royal jelly have epigenetic regulatory activity (Spannhoff et al. 
2011).  Differential methylation is a key molecular mechanism regulating honey bee caste 
determination (Foret et al. 2012) and manipulating methylation through Dnmt3 RNAi in A. 
mellifera induces the same effects on caste determination as royal jelly consumption (Kucharski 
et al. 2008). It has been proposed that a specific fatty acid found in royal jelly acts as a histone 
deacetylase inhibitor that can regulate methylation (Spannhoff et al. 2011). In M. rotundata, I 
found that Dnmt3 was down-regulated 1.3 fold in larvae reared on the Royal Jelly diet relative to 
larvae reared on the Small diet. The same trend was also observed in comparisons between 
larvae reared on the Royal Jelly and Average or Big diets, however the expression differences 
were not statistically significant (Average/RJ FDR=0.06; Big/RJ FDR=0.19). Furthermore, 
significant overlaps were found between the list of genes affect by Dnmt3 RNAi in A. mellifera 
and the M. rotundata gene lists involving comparisons with the Royal Jelly diet, but not with the 
M. rotundata gene lists that only reflected differences among diet quantity. These results support 
the hypothesis that royal jelly has epigenetic functions and further suggest that the evolution of 
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royal-jelly mediated caste determination in honey bees involved manipulation of an ancestral 
methylation system present in solitary bees associated with diapause regulation.  
I also showed that larval nutrition affects female reproductive behavior. A developmental 
mechanism that translates differences in larval nutrition into alternative adult phenotypes with 
different reproductive behaviors is the foundation for many social insect castes. The nature and 
extent to which a similar mechanism was present in the solitary ancestor of social species has 
implications for how castes could arise (Moczek et al. 2011, Rajakumar et al. 2012). The results 
of my nesting assays in M. rotundata provide evidence that larval nutrition can influence female 
reproductive behavior through effects of body size and diapause status on nesting success, 
although the effects are less extreme than what is observed in social bees.   
Female body size is often positively associated with fecundity in insects (Honěk 1993). In 
social bees, the reproductive caste is almost always larger than the worker caste and in species 
with conflict over reproduction, larger individuals typically dominate (Wilson 1970, Michener  
1974, Richards and Packer 1996). However in solitary bees, a correlation between body size and 
nesting success is observed in some studies (Sugiura and Maeta 1989, Kim 1997, Rehan and 
Richards 2010), but not others (Tepedino and Torchio 1982, Johnson 1990, Alcock et al. 2006, 
Vicens and Bosch 2006). My M. rotundata nesting assays also found variation in the relationship 
between body size and nesting success. Body weight did not affect the number of cells a female 
built in the non-competitive assay, which provided unlimited nesting sites. However body weight 
did affect the number of days a female was able to control a nesting site in the competitive assay, 
when nesting sites were limited. This result is consistent with previous studies of nest usurpation 
in Megachile species, which find that larger females are more successful usurpers (Kim 1997, 
Bosch and Vicens 2002, Bosch and Vicens 2006, Peterson and Roitberg 2006). These results 
suggest female body size can affect nesting success in solitary bees, but the effect is dependent 
on environmental conditions, as was the case in my study. Furthermore, the environmental 
condition which exposed differences in nesting success, competition over limited resources (e.g., 
nest sites), has been proposed as an ecological factor that may promote the evolution of 
eusociality (Andersson 1984, Crespi 1994, Shellman-Reeve 1994). 
I have shown that larval nutrition influences diapause status in M. rotundata and the 
nesting assays further suggest that diapause status can affect reproductive nesting success. It is 
well known that M. rotundata diapausers and non-diapausers differ in body size (Tepedino and 
	   96	  
Parker 1988, Pitts-Singer and Bosch 2010, this study), but my nesting assay results suggest the 
effect of diapause status on nesting success may be mediated by other intrinsic differences 
between the groups, in addition to body size. In one out of two years of the non-competitive 
nesting assay, non-diapausers built more cells than diapausers and this effect was not correlated 
with weight differences. In facultatively bivoltine species like M. rotundata, diapausers and non-
diapausers nest at different points in the season, although the generations often partially overlap. 
Selection may favor different suites of adaptations in each group to optimize fitness under the 
environmental conditions and internal states in which each group emerges (Friberg and Wiklund 
2007, Taborsky, and Oliveira 2008). Evidence from another leafcutting bee, M. apicalis, found 
that diapausers and non-diapausers differ in their maternal investment strategies (Kim and Thorp 
2001).  
Expression of alternative phenotypes in different individuals can enhance evolutionary 
change by allowing selection to act independently on each phenotype (West-Eberhard 1989, 
Tomkins and Moczek 2009, Snell-Rood et al. 2010). That diapausers and non-diapausers in M. 
rotundata appear to express alternative reproductive behaviors under some environmental 
conditions suggests that selection on alternative diapauser and non-diapauser traits could have 
facilitated the evolution of caste differences.  
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FIGURES AND TABLES 
 
Figure 4.1. Provision size and adult body weight of diapausers and non-diapausers from 
field-collected nests. A. Example of an x-radiograph taken of collected nests. Individual 
provisions were traced (yellow outline) and the area enclosed in the outline was calculated. B-C. 
Provision size (B) and adult body weight (C) of male and female diapausers and non-diapausers 
from nests collected in 2010 and 2011. Boxes extend to upper and lower quartiles, line within 
box represents median, whiskers extend to 1.5 × interquartile distance (white boxes: Diapausers, 
grey boxes: Non-diapausers, **: Tukey HSD P<0.001, ns: not significant). D. The relationship 
between provision size and adult body weight of diapausers and non-diapausers from nests 
collected in 2010 and 2011. 
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Figure 4.2. Larval diet manipulations for collection of gene expression. A. Example of 
rearing dish set up used for mass-rearing of larvae on manipulated diets. B. Hierarchical 
clustering based on differentially expressed probes in pairwise comparisons of larvae reared on 
different diets. Diet abbreviations: B: Big, S: Small, A: Average, RJ: Royal Jelly. 
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Figure 4.3. Effects of larval diet manipulations on larval weight, adult weight, and diapause 
incidence. A-C. Weight of 5th instar larvae (A), adult females (B), and adult males (C) reared on 
different diets. Boxes extend to upper and lower quartiles, line within box represents median, 
whiskers extend to 1.5 × interquartile distance. Boxes extend to upper and lower quartiles, line 
within box represents median, whiskers extend to 1.5 × interquartile distance. D. Probability of 
diapause of larvae reared on diets containing the Small or Big quantity of food. E. Probability of 
diapause of larvae reared on different diets. Bars represent mean ± standard error of mean. 
Groups with different letters have significantly different means (Tukey HSD P<0.05). n: sample 
size, D: Diapauser sample size, ND: Non-diapauser sample size. 
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Figure 4.4. Total cells built by females in non-competitive nesting assays. A. Total cells built 
by diapausers (D) and non-diapausers (ND) in 2010 and 2011. Diapause status had a significant 
effect on total cells built in 2010, but not in 2011 (**: P<0.001, ns: not significant). B. The 
relationship between weight and total cells built by diapausers (D) and non-diapausers (ND) in 
2010. Weight did not significantly effect total cells built (P>0.05) C. The relationship between 
weight and total cells built by diapausers (D) and non-diapausers (ND) in 2011. There was a 
statistically significant effect of weight on total cells built (P<0.05), however the pseudo-R2 for 
the correlation was 0.064, indicating that weight explains very little of the variation in total cells 
built.	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Figure 4.5. The relationship between the number of days a female controlled a nesting hole 
and her weight in competitive nesting assays. Data were pooled from four replicate assays and 
weights were standardized using z-scores to account for variation in the distributions of weights 
among replicates. There was a quadratic effect of weight on the number of days a female 
controlled a nesting hole (P<0.001). D: Diapausers, ND: Non-diapausers 
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Table 4.1. Number of differentially expressed genes (DEGs) in pairwise comparisons of 
larval diet manipulations (FDR<0.05). Mr column gives the number of differentially expressed 
M. rotundata MAKER gene predictions; Am and Dm columns give the number of A. mellifera 
and D. melanogaster orthologs identified for the M. rotundata MAKER gene predictions in the 
gene list, respectively. Diet abbreviations: B: Big, S: Small, A: Average, RJ: Royal Jelly 
Gene List 
Name    
DEGs 
Comparison Mr Am Dm 
B/A Big Diet vs. Average Diet 20 19 16 
A/S Average Diet vs. Small Diet 499 475 439 
B/S Big Diet vs. Small Diet 1112 1044 956 
B/RJ Big Diet vs. Royal Jelly Diet 494 468 429 
A/RJ Average Diet vs. Royal Jelly Diet 416 400 364 
S/RJ Small Diet vs. Royal Jelly Diet 266 249 227 
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Table 4.2. Comparison between the M. rotundata larval diet gene lists and A. mellifera gene 
lists associated with caste determination.  Hypergeometric tests for significant overlap 
between M. rotundata gene list and A. mellifera gene list. Significant comparisons are indicated 
by *(P<0.05) **(P<0.01). Diet name abbreviations: B: Big, A: Average, S: Small, RJ: Royal 
Jelly. Species names abbreviations: Mr: M. rotundata, Am: A. mellifera 
 
Mr  
gene list 
 DEGs 
Overlap 
Mr total 
DEGs 
Am total 
DEGs 
Assayed 
genes 
overlap P-value   
Am Queen/Worker Larva 
B/A  1 9 85 1837 0.0617 
 A/S  13 219 85 1837 0.0778 
 B/S  35 490 85 1837 0.0010 ** 
B/RJ  15 231 85 1837 0.0589 
 A/RJ  15 195 85 1837 0.0159 * 
S/RJ  7 91 85 1837 0.0554 
 Am Dnmt3 RNAi Treatment 
B/A  0 19 16 4201 0.0701 
 A/S  1 469 16 4201 0.5474 
 B/S  5 1028 16 4201 0.1755 
 B/RJ  4 456 16 4201 0.0233 * 
A/RJ  4 387 16 4201 0.0120 * 
S/RJ  4 243 16 4201 0.0016 ** 
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Table 4.3. Genes which overlapped between M. rotundata larval diet gene lists and A. 
mellifera gene lists associated with caste determination. A. Mr Royal Jelly × Am 
Queen/Worker Larvae, B. Mr Royal Jelly ×  Am Dnmt3 RNAi Treatment, C. Mr B/S × Mr A/RJ 
× Am Queen/Worker Larvae. Diet name abbreviations: B: Big, A: Average, S: Small, RJ: Royal 
Jelly. Species names abbreviations: Mr: M. rotundata, Am: A. mellifera 
 
Gene list 
comparison 
   A B C Gene GB Function 
✔     cg32687 GB12033 unknown 
✔     cg8036 GB15619 transketolase activity, regulation of 
chromatin silencing 
✔   ✔ cg31075 GB18004 aldehyde dehydrogenase, Egfr-responsive 
  ✔   ecdysone-inducible gene L3 GB13882 lactate dehydrogenase, glycolysis, aging 
  ✔   squid GB15796 RNA binding, oogenesis 
    ✔ guanylate cyclase GB12179 protein kinase, ATP binding, 
axonogenesis 
    ✔ fatty acid transport protein GB12693 long-chain fatty acid transporter activity, 
triglyceride homeostasis, aging 
    ✔ cg4752 GB13335 ATP hydrolyzing activity 
    ✔ lysosomal α-mannosidase GB13626 mannose metabolism 
    ✔ methionine aminopeptidase GB18314 proteolysis, oogenesis 
    ✔ regulatory particle non-ATPase 6 GB18440 proteolysis, oogenesis 
    ✔ lava lamp GB19016 actin binding, neurogenesis 
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Table 4.4. Description of larval diet treatments for evaluating the effects of larval nutrition 
of probability of diapause. RJ: royal jelly. 
 
Diet Treatment 
Natural 
Provisions 
Weight (g) 
Royal Jelly 
Weight (g) 
Total Diet 
Weight (g) 
Total 
Dishes 
Total 
Individuals 
50% RJ Small 1.75 1.75 3.50 6 171 
20% RJ Small 2.80 0.70 3.50 4 117 
0% RJ Small 3.50 0.00 3.50 12 348 
50% RJ Big 5.75 5.75 11.50 5 148 
20% RJ Big 9.20 2.30 11.50 4 122 
0% RJ Big 11.50 0.00 11.50 12 360 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	   113	  
 
 
 
SUPPLEMENTARY TABLES AND FIGURES 
 
Figure 4.S1.  Weights of adult females and males reared on larval diet manipulations used 
for gene expression collections. A-B. Weights of adult females (A) and males (B) reared on 
different larval diets. Groups with different letters have significantly different means (Tukey 
HSD P<0.05). RJ: Royal Jelly, D: Diapauser sample size, ND: Non-diapauser sample size. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
S R A B
10
20
30
40
50
60
Females
W
ei
gh
t (
m
g)
!!"#$!!!!!!!!!!!!"#%$!!!!!!!!!!!!"#&'!!!!!!!!!!!!!!"#%(!!
!)"#&!!!!!!!!!!)"#*!!!!!!!!!!!)"#+!!!!!!!!!!!!!!)"#*!
,-.//!!!!!!!01!!!!!2345.64!!!!!!!786!!!!!
.!
9!
9!
:!
Females!
S R A B
10
20
30
40
50
60
Males
W
ei
gh
t (
m
g)
.!
9! 9!
:!
Males!2! 7!
!!"#&!!!!!!!!!!!!"#$!!!!!!!!!!!!!!"#*%!!!!!!!!!!!!!!"#%(!!
!)"#&!!!!!!!!!!)"#$!!!!!!!!!!!)"#*!!!!!!!!!!!!!!)"#&!
,-.//!!!!!!!01!!!!!2345.64!!!!!!!786!!!!!
	   114	  
Table 4.S1. Description of larval diet treatments for evaluating the effects of larval 
nutrition on gene expression. 
 
Diet Treatment 
Natural 
Provisions 
Weight (g) 
Royal Jelly 
Weight (g) 
Total Diet 
Weight (g) 
Total 
Dishes 
Total 
Individuals 
Small  5.5 0.00  5.50 7 246 
Average 12.5 0.00 12.50 5 166 
Big 19.5 0.00 19.50 4 139 
Royal Jelly  6.25 6.25 12.50 4 125 
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Table 4.S2. Functional enrichment of Gene Ontology (GO) categories in the larval diet  
comparison gene lists. Categories with <4 genes were excluded. Rows shaded in grey in the 
Average/Royal Jelly list were not significantly enriched at P<0.05, but were included to illustrate 
a trend observed across royal jelly-associated diet comparisons.  
GO Biological Process GO ID 
# 
Genes 
Fold 
Enrichment P-value 
Average/Small 
Nucleotide biosynthesis/metabolism     
 
IMP biosynthetic process GO:0006188 4 6.4 0.0161 
 
IMP metabolic process GO:0046040 4 6.4 0.0161 
 
purine nucleoside monophosphate biosynthetic process GO:0009127 5 5.0 0.0112 
 
purine nucleoside monophosphate metabolic process GO:0009126 5 5.0 0.0112 
 
purine ribonucleoside monophosphate biosynthetic process GO:0009168 5 5.0 0.0112 
 
purine ribonucleoside monophosphate metabolic process GO:0009167 5 5.0 0.0112 
 
ribonucleoside monophosphate biosynthetic process GO:0009156 6 4.3 0.0073 
 
ribonucleoside monophosphate metabolic process GO:0009161 6 4.3 0.0073 
 
nucleoside monophosphate biosynthetic process GO:0009124 7 2.8 0.0309 
 
nucleotide biosynthetic process GO:0009165 12 1.9 0.0358 
Protein catabolism     
 
protein deubiquitination GO:0016579 4 5.3 0.0292 
 
nitrogen compound catabolic process GO:0044270 4 4.5 0.0464 
 
serine family amino acid metabolic process GO:0009069 5 4.4 0.0182 
 
protein modification by small protein removal GO:0070646 5 3.6 0.0389 
 
protein modification by small protein conjugation or 
removal GO:0070647 12 2.7 0.0026 
 
proteolysis GO:0006508 41 1.8 0.0002 
 
cellular protein catabolic process GO:0044257 19 1.7 0.0194 
 
proteolysis involved in cellular protein catabolic process GO:0051603 19 1.7 0.0194 
 
modification-dependent protein catabolic process GO:0019941 17 1.7 0.0397 
 
nitrogen compound biosynthetic process GO:0044271 18 1.7 0.0343 
 
modification-dependent macromolecule catabolic process GO:0043632 17 1.6 0.0439 
 
macromolecule catabolic process GO:0009057 27 1.6 0.0095 
 
cellular macromolecule catabolic process GO:0044265 23 1.6 0.0186 
 
protein catabolic process GO:0030163 19 1.6 0.0399 
Response to radiation     
 
response to radiation GO:0009314 9 2.3 0.0326 
Big/Small 
Aging     
 
aging GO:0007568 17 1.6 0.0486 
 
determination of adult life span GO:0008340 17 1.6 0.0486 
 
multicellular organismal aging GO:0010259 17 1.6 0.0486 
Amine biosynthesis/metabolism     
 
aromatic compound catabolic process GO:0019439 5 4.3 0.0117 
 
aromatic amino acid family catabolic process GO:0009074 4 4.3 0.0411 
 
heterocycle catabolic process GO:0046700 6 3.7 0.0091 
 
aromatic amino acid family metabolic process GO:0009072 7 3.3 0.0067 
 
cellular amino acid biosynthetic process GO:0008652 8 2.9 0.0091 
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Table 4.S2 (continued)     
 cellular amino acid catabolic process  GO:0009063 8 2.5 0.0256 
 
glutamine family amino acid metabolic process GO:0009064 8 2.5 0.0256 
 
carboxylic acid catabolic process GO:0046395 11 2.4 0.0078 
 
organic acid catabolic process GO:0016054 11 2.4 0.0078 
 
amine biosynthetic process GO:0009309 9 2.3 0.0259 
 
carboxylic acid biosynthetic process GO:0046394 15 2.2 0.0038 
 
organic acid biosynthetic process GO:0016053 15 2.2 0.0038 
 
regulation of cellular protein metabolic process GO:0032268 25 1.8 0.0018 
Axonogenesis     
 
axonogenesis GO:0007409 24 1.5 0.0284 
Bristle development     
 
bristle development GO:0022416 8 2.3 0.0386 
Nucleotide biosynthesis/metabolism     
 
purine nucleoside monophosphate biosynthetic process GO:0009127 7 3.3 0.0067 
 
purine nucleoside monophosphate metabolic process GO:0009126 7 3.3 0.0067 
 
purine ribonucleoside monophosphate biosynthetic process GO:0009168 7 3.3 0.0067 
 
purine ribonucleoside monophosphate metabolic process GO:0009167 7 3.3 0.0067 
 
ribonucleoside monophosphate biosynthetic process GO:0009156 8 2.9 0.0091 
 
ribonucleoside monophosphate metabolic process GO:0009161 8 2.9 0.0091 
 
purine ribonucleotide biosynthetic process GO:0009152 15 2.5 0.0006 
 
purine ribonucleotide metabolic process GO:0009150 15 2.5 0.0006 
 
purine nucleotide biosynthetic process GO:0006164 17 2.4 0.0005 
 
purine nucleotide metabolic process GO:0006163 17 2.4 0.0005 
 
ribonucleotide biosynthetic process GO:0009260 16 2.3 0.0011 
 
ribonucleotide metabolic process GO:0009259 16 2.3 0.0011 
 
nucleoside monophosphate biosynthetic process GO:0009124 10 2.0 0.0356 
 
nucleotide biosynthetic process GO:0009165 22 2.0 0.0012 
 
nucleoside monophosphate metabolic process GO:0009123 10 2.0 0.0483 
 
nucleobase, nucleoside and nucleotide biosynthetic process GO:0034404 22 1.8 0.0039 
 
nucleobase, nucleoside, nucleotide and nucleic acid 
biosynthetic process GO:0034654 22 1.8 0.0039 
 
nitrogen compound biosynthetic process GO:0044271 33 1.7 0.0010 
Oxidation reduction     
 
oxidation reduction GO:0055114 56 1.4 0.0045 
Positive regulation of cell growth     
 
regulation of organ growth GO:0046620 9 2.2 0.0374 
 
positive regulation of cell size GO:0045793 7 2.7 0.0238 
 
positive regulation of cell growth GO:0030307 6 2.9 0.0359 
 
positive regulation of organ growth GO:0046622 5 3.6 0.0287 
Pyruvate metabolic process     
 
pyruvate metabolic process GO:0006090 7 3.0 0.0134 
Regulation of translation     
 
regulation of translation GO:0006417 13 2.2 0.0081 
KEGG Pathway     
 
Purine metabolism dme00230 20 1.5 0.0436 
 
Valine, leucine and isoleucine degradation dme00280 11 2.3 0.0078 
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Table 4.S2 (continued)     
 Tryptophan metabolism dme00380 7 3.1 0.0093 
Big/Royal Jelly 
Cofactor biosynthesis/metabolism     
 
cofactor biosynthetic process GO:0051188 11 3.7 0.0004 
 
coenzyme biosynthetic process GO:0009108 8 3.4 0.0060 
 
cofactor metabolic process GO:0051186 13 3.0 0.0008 
 
coenzyme metabolic process GO:0006732 10 2.7 0.0089 
Nucleotide biosynthesis/metabolism     
 
IMP biosynthetic process GO:0006188 4 7.5 0.0101 
 
IMP metabolic process GO:0046040 4 7.5 0.0101 
 
ribonucleoside monophosphate biosynthetic process GO:0009156 6 4.7 0.0056 
 
ribonucleoside monophosphate metabolic process GO:0009161 6 4.7 0.0056 
 
ribonucleotide biosynthetic process GO:0009260 11 3.4 0.0007 
 
ribonucleotide metabolic process GO:0009259 11 3.4 0.0007 
 
purine ribonucleotide biosynthetic process GO:0009152 9 3.2 0.0042 
 
purine ribonucleotide metabolic process GO:0009150 9 3.2 0.0042 
 
nucleoside monophosphate biosynthetic process GO:0009124 7 3.1 0.0188 
 
purine nucleotide biosynthetic process GO:0006164 10 3.0 0.0037 
 
purine nucleotide metabolic process GO:0006163 10 3.0 0.0037 
 
nucleoside monophosphate metabolic process GO:0009123 7 3.0 0.0236 
 
nucleotide biosynthetic process GO:0009165 13 2.5 0.0034 
 
nucleobase, nucleoside and nucleotide biosynthetic process GO:0034404 13 2.3 0.0068 
 
nucleobase, nucleoside, nucleotide and nucleic acid 
biosynthetic process GO:0034654 13 2.3 0.0068 
 
nitrogen compound biosynthetic process GO:0044271 20 2.3 0.0008 
Oxidation reduction     
 
oxidation reduction GO:0055114 27 1.5 0.0394 
Protein folding     
 
protein folding GO:0006457 9 2.3 0.0317 
KEGG Pathway     
 
Retinol metabolism dme00830 6 4.2 0.0076 
 
Pentose phosphate pathway dme00030 5 3.9 0.0287 
 
Starch and sucrose metabolism dme00500 7 3.4 0.0104 
 
Metabolism of xenobiotics by cytochrome P450 dme00980 6 3.1 0.0325 
 
Drug metabolism dme00982 6 2.9 0.0426 
Average/Royal Jelly 
Oxidation reduction     
 
oxidation reduction GO:0055114 26 1.5 0.0256 
Cofactor biosynthetic process     
 
cofactor biosynthetic process GO:0051188 8 2.7 0.0222 
Hexose metabolic process     
 
hexose metabolic process GO:0019318 8 2.7 0.0222 
Organic acid transport     
 carboxylic acid transport GO:0046942 6 2.9 0.0470 
 
organic acid transport GO:0015849 6 2.9 0.0470 
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Table 4.S2 (continued)     
Protein catabolism     
 
modification-dependent protein catabolic process GO:0019941 14 1.8 0.0469 
 
proteolysis GO:0006508 30 1.7 0.0054 
Purine nucleotide biosynthesis/metabolism     
 
purine nucleotide biosynthetic process GO:0006164 8 2.4 0.0419 
 
purine nucleotide metabolic process GO:0006163 8 2.3 0.0482 
KEGG Pathway     
 
Starch and sucrose metabolism dme00500 7 3.8 0.0057 
 
Glycolysis / Gluconeogenesis dme00010 8 3.6 0.0034 
 
Glyoxylate and dicarboxylate metabolism dme00630 4 4.6 0.0430 
 
Retinol metabolism dme00830 5 4.5 0.0163 
 
Porphyrin and chlorophyll metabolism dme00860 6 3.5 0.0201 
  Metabolism of xenobiotics by cytochrome P450 dme00980 5 2.9 0.0801 
  Drug metabolism dme00982 5 2.7 0.0993 
Small/Royal Jelly 
Amino acid activation     
 
amino acid activation GO:0043038 6 3.1 0.0384 
 
tRNA aminoacylation GO:0043039 6 3.1 0.0384 
 
tRNA aminoacylation for protein translation GO:0006418 6 3.1 0.0384 
Amino acid biosynthesis/metabolism     
 
cellular amino acid catabolic process GO:0009063 4 4.9 0.0430 
 
glutamine family amino acid metabolic process GO:0009064 4 4.9 0.0430 
Carbohydrate metabolism/biosynthesis     
 
cellular carbohydrate biosynthetic process GO:0034637 5 6.6 0.0051 
 
glucose metabolic process GO:0006006 5 3.9 0.0346 
 
hexose metabolic process GO:0019318 6 3.3 0.0301 
Cellular homeostasis     
 
cellular homeostasis GO:0019725 7 2.9 0.0281 
 
homeostatic process GO:0042592 9 2.2 0.0458 
Oxidation reduction     
 
oxidation reduction GO:0055114 24 2.4 0.0001 
KEGG Pathway     
 
Glycolysis / Gluconeogenesis dme00010 6 4.6 0.0065 
 
Pyruvate metabolism dme00620 6 4.3 0.0084 
 
Starch and sucrose metabolism dme00500 5 4.1 0.0273 
 
Metabolism of xenobiotics by cytochrome P450 dme00980 6 5.2 0.0035 
 
Drug metabolism dme00982 6 4.9 0.0048 
 
Retinol metabolism dme00830 4 4.7 0.0441 
 
Glutathione metabolism dme00480 6 3.7 0.0168 
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CHAPTER 5: COMPARATIVE TRANSCRIPTOMICS OF SOLITARY AND 
EUSOCIAL BEHAVIOR ACROSS INDEPENDENT ORIGINS OF EUSOCIALITY 
 
 
ABSTRACT 
Eusociality is a complex trait that has evolved multiple independent times in the insect order 
Hymenoptera. Recent advances in sequencing technologies have facilitated the collection of 
genome-wide patterns of brain gene expression associated with caste differences across 
independent origins of eusociality in Hymenoptera. To explore how caste-specific gene 
expression patterns might have evolved from a solitary ancestor, I used new genomic resources 
to characterize brain gene expression profiles associated with female nesting phase and mating 
status in the solitary alfalfa leafcutting bee (Megachile rotundata). Nesting phase affected the 
expression of hundreds of genes in the brain, whereas mating status affected very few genes. I 
compared the list of genes associated with M. rotundata nesting phase to 15 previously published 
gene lists that characterized transcriptional profiles of eusocial brain gene expression associated 
with adult behavioral maturation, reproductive status, and brood care across three independent 
origins of eusociality. I found significant overlaps between M. rotundata nesting phase genes and 
genes associated with eusociality in all three lineages suggesting that molecular pathways 
involved in solitary bee reproduction may have repeatedly been involved in the evolution of 
eusocial traits. This study highlights the value of comparative transcriptomic studies for 
investigating the evolution of complex traits at the molecular level.  
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INTRODUCTION 
Eusociality is a complex trait characterized by a reproductive division of labor in which 
offspring forgo personal reproduction to assist in the rearing of their siblings (Wilson 1971). 
Reproductive and non-reproductive members of eusocial colonies typically exhibit extreme 
morphological, physiological and behavioral variation tailored to their distinct roles in the 
colony. The insect order Hymenoptera provides a valuable comparative framework for studying 
how this lifestyle evolves because the common ancestor of all eusocial hymenopterans was 
solitary and eusociality has arisen multiple, independent times within this group (Fischman et al. 
2011). Additionally, genomic resources are increasing for eusocial and solitary hymenopteran, 
creating new opportunities for investigating the molecular basis of eusocial evolution (Bloch and 
Grozinger 2011).  
Molecular studies suggest that complex morphological traits often arise through modular 
evolution, in which semiautonomous, conserved molecular pathways serve as building blocks for 
evolution and are repeatedly involved in the evolution of similar traits across diverse taxa 
(Carroll et al. 2004, Wagner et al. 2007, Toth and Robinson 2007). Evidence from genetic and 
genomic studies in eusocial hymenopteran suggests that such modular evolution may be involved 
in the evolution of eusocial behavior. A number of genes involved in eusocial behaviors are also 
involved in similar behaviors in distantly related solitary species, such as the foraging gene, 
which is involved in social foraging behavior in the honey bee, Apis mellifera, and individual 
feeding behavior in the solitary fruit fly, Drosophila melanogaster (Toth and Robinson 2007, 
Bloch and Grozinger 2011). Additionally, comparative studies among eusocial species have 
identified common molecular pathways involved in independent origins of eusocial traits (Toth 
et al. 2010, Fischman et al. 2011, Rajakumar et al. 2012). Such findings have led to the 
hypothesis that there are “genetic toolkits” for eusociality made up of sets of genes with 
conserved functions that are repeatedly used during eusocial evolution (Toth and Robinson 2007, 
Zayed and Robinson 2012).  
Comparative molecular studies between closely-related eusocial and solitary species can 
help elucidate the proximate mechanisms through which solitary traits are modified to give rise 
to eusocial traits and shed light on the role of genetic toolkits in this process (Bloch and 
Grozinger 2011, Reaume and Sokolowski 2011). However, determining which behavioral traits 
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are homologous between solitary and eusocial species is a difficult challenge in studies of 
eusocial evolution (Reaume and Sokolowski 2011). 
There are a number of “ground plan” hypotheses which suggest specific components of 
an ancestral solitary lifestyle that may have been modified and rearranged to generate eusocial 
phenotypes. These include hypotheses that reproductive behaviors associated with different 
phases of a solitary ovarian cycle serve as ground plans for queen-worker and worker-worker 
division of labor (West-Eberhard 1996, Page and Amdam 2007) and features of solitary larval 
development associated with facultative diapause serve as the basis for caste determination (Hunt 
and Amdam 2005, Hunt et al. 2007). These hypotheses predict that eusocial traits emerge 
through co-option and modification of genetic toolkits underlying the solitary ground plans. 
Comparative analyses of the molecular underpinnings of related solitary and eusocial traits can 
test these predictions.  
Molecular studies in eusocial Hymenoptera, particularly those focused on genome-wide 
patterns of gene expression, have identified molecular mechanisms associated with many 
important eusocial traits (Smith et al. 2008, Bloch and Grozinger 2011, Zayed and Robinson 
2012). However, a lack of comparable data for closely related solitary species limits 
investigations into the evolutionary events through which these molecular mechanisms became 
involved in eusocial traits. Currently, most comparisons of molecular mechanisms between 
eusocial hymenopterans and solitary species involve the distantly related fruit fly D. 
melanogaster, as it is one of the few solitary insects for which molecular data exist. However, 
this comparative framework makes it difficult to determine if molecular differences between the 
groups are due to their differences in social lifestyle rather than their numerous other differences 
in biology and ecology. Comparisons between more closely related eusocial and solitary species 
can allow the effects of eusociality to be more precisely isolated from other confounding factors.  
The purpose of this study is to increase our understanding of molecular mechanisms 
involved in eusocial evolution through comparative transcriptomic analyses between eusocial 
species and a species model for a solitary ancestor of eusocial bees. Bees are an excellent group 
to focus on because eusociality has evolved more times independently in bees than any other 
group suggesting there may be key qualities of solitary bees that promote the evolution of 
eusociality (Michener 1974). Furthermore, the eusocial honey bee, A. mellifera, is one of the 
most well-studied eusocial insects and characterization of the molecular underpinnings of 
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eusocial traits is the most advanced in this species (Smith et al. 2008, Bloch and Grozinger 2011, 
Zayed and Robinson 2012). 
The solitary alfalfa leafcutting bee, Megachile rotundata (Hymenoptera: Megachilidae), 
was chosen as the species model for a solitary ancestor of eusocial bees. Although all species 
within Megachilidae are solitary, this family is the sister clade to Apidae, which contains many 
eusocial species, including A. mellifera, and multiple, independent origins of eusociality 
(Danforth et al. 2006, Schwarz et al. 2007). M. rotundata is one of the most well-studied and 
accessible solitary bee species because it is commercially managed as a pollinator for the alfalfa 
seed industry (Pitts-Singer and Cane 2011). It also currently has the most advanced genomic 
resources available for a solitary bee (Woodard et al. 2011), including a recently sequenced 
genome (GE Robinson pers. comm.). 
I generated brain gene expression profiles in M. rotundata associated with female 
reproduction, which is one of the main axes of differentiation between eusocial insect castes. 
Castes differ across a suite of traits associated with female reproduction, including mating status, 
ovary development, and brood care behaviors. In general, queens are mated, have hyper-
developed ovaries and spend most of their lives laying eggs. Workers, on the other hand, are 
usually virgins with under-developed ovaries, and specialize on brood care behaviors including 
brood feeding and foraging. In solitary bees like M. rotundata, these reproductive traits vary 
across the lifetime of an individual rather than being expressed as fixed differences between 
individuals of different castes. To capture this variation in reproductive traits in a solitary bee, I 
measured brain gene expression in mated and virgin M. rotundata females at two time points in 
adult life; the non-reproductive “pre-nesting phase” during which ovaries are undeveloped and 
brood care behaviors are not expressed, and the reproductive “nesting phase” during which 
ovaries are fully developed and females cycle through brood care behaviors as brood cells are 
built in a linear series (Richards 1984, Richards 1994, Pitts-Singer and Cane 2011). Like all 
hymenopterans, M. rotundata are haploid-diploid and males are produced from unfertilized eggs. 
Virgin M. rotundata females nest normally and produce nests with all male offspring. M. 
rotundata brain gene expression patterns were compared to previously published results for 
eusocial species associated with maturation, reproductive status, and brood care to investigate the 
relationship between eusocial and solitary behaviors. 
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METHODS 
The methods in this section are similar, in some instances identical, to methods in Chapter 4: 
Nutritionally-related physiological, transcriptomic and behavioral analyses support an 
evolutionary link between diapause in the solitary bee Megachile rotundata and caste 
determination in social bees. 
 
Sample collections. Diapausing M. rotundata prepupae in their natural cells were obtained from 
commercial bee suppliers (JWM Leafcutters, Nampa, ID) in the winter and maintained in 
diapause at 4°C according the standard industry procedures. In the summer of 2009, batches of 
cells were incubated every few days at 29°C to break diapause and induce adult emergence. Each 
cell was individually enclosed in a gel capsule to ensure that all females remained virgins prior to 
their release in the field. On the day of a field release, cohorts of females that had emerged in the 
past 24 h were randomly assigned to a mating treatment and paint-marked to indicate the date of 
adult emergence and assigned mating treatment. In the afternoon of the day they emerged (Day 
1), females were released into field cages to allow for nesting under naturalistic conditions. Field 
cages were screened enclosures (length × width × height = 6 × 6 × 2 m) placed over a plot of 
alfalfa (Medicago sativa L., Fabaceae) in Logan, Utah, U.S.A. Each field cage was equipped 
with a small nesting shelter suspended approximately 1m above the ground on a metal post 
containing a section of commercial nesting board. Nesting holes in the board were lined with 
removable paper straws to allow for minimally disruptive capture of bees inside the nesting 
holes.  
Due to concerns that environmental factors, such as the quality of the alfalfa bloom, 
might vary among field cages and affect brain gene expression, the field releases were designed 
to ensure that females of different ages and mating status nested together in the same field cage. 
Under natural conditions, M. rotundata females mate within 1-3 days after adult emergence 
(Gerber and Klostermeyer 1972), however, pilot studies using spermatheca dissections to 
validate mating success revealed that M. rotundata females would not reliably mate under 
laboratory conditions or in small cages outside. Females would reliably mate in one day if 
released with males in a field cage over a plot of alfalfa. Therefore I designated one field cage as 
a “mating cage” that contained males and four field cages as “nesting cages” that never 
contained males. On the day of a field release, females assigned to the “virgin” mating treatment 
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were released in a nesting cage and the females assigned to the “mated” mating treatment were 
released in the mating cage. On the night of Day 2, the mated females were collected from the 
mating cage and moved into the nesting cage with the virgin females from their cohort. Mating 
status was not independently verified in individuals profiled for gene expression because the 
collection protocol for gene expression profiling caused deformation of the spermatheca. Mating 
status was assumed based on the results of pilot studies that indicated a high probability of 
mating after one day in a field cage with males.  
A few days after adult emergence, females locate a nesting site and begin developing 
their ovaries. Ovaries are fully developed around Day 7 after emergence (Richards 1994). Nests 
are constructed in pre-existing cavities and built in a linear series. A brood cell is built using cut 
leaf discs and then provisioned with a mass of nectar and pollen. An egg is laid on the provision 
mass, then the cell is sealed with a leaf disc and construction of the next cell begins on top of the 
previous cell. Once a female has begun nesting, her ovaries remain developed and she 
continually cycles through the cell building and provisioning nesting sequence until her death. 
Females nesting in commercial fields can typically complete 1-3 cells a day.  
Collections for brain gene expression were made on day 3 for the “Pre-nesting” phase 
and day 8 for the “Nesting” phase. Bees were collected at night to minimize any short-term 
differences in gene expression that may be due to nesting behavior during the day. The paper 
straw containing a female in her nest was removed from the nesting hole and put directly into 
liquid nitrogen. In the lab, females were removed from the paper straw over dry ice and placed in 
tubes in a -80 °C freezer until RNA isolation.  
 
Gene expression sample preparation. Sample heads were removed on dry ice, cuticle was 
scraped off the back of the head to expose the brain tissue and the head was incubated at room 
temperature for 12-16h in 400 uL RNAlater-ICE (Invitrogen). After incubation, brains were 
dissected in RNALater-ICE over wet ice and the outer edge of the optic lobes, which were 
typically covered by a layer of cuticle, were sliced off. Dissected brains were put directly into 
100uL Trizol, homogenized, and stored at -80 °C until RNA isolation using an RNeasy Mini Kit 
(QIAGEN).  
I used ten samples from each nesting phase x mating status group (pre-nesting mated, 
pre-nesting virgin, nesting mated, nesting virgin). One sample was hybridized per array, resulting 
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in 40 total microarrays for each experiment. Total RNA (250-1000 ng per sample) was reverse 
transcribed and linear amplified according to manufacturer’s instructions (Agilent Technologies). 
Samples were hybridized on the microarray slide and washed according to the Agilent protocol. 
Slides were scanned using an Axon 4000B scanner and images were analyzed using GENEPIX 
software (Agilent Technologies, Santa Clara, CA).  
 
Microarray. An Agilent 4 x 44K microarray was designed from expressed sequence tags (ESTs) 
obtained from 454/Roche pyrosequencing of M. rotundata mRNA isolated mainly from brain 
tissue (90% brain + 10% abdomen) (Woodard et al. 2011). Each microarray slide contained 4 
identical arrays, each containing approximately 44K EST-based probes corresponding to a total 
of 18,334 unique ESTs. After development of the EST-based microarray was complete, the 
whole genome of M. rotundata was sequenced (G. E. Robinson, unpublished) and then annotated 
using the automated genome annotation pipeline MAKER (Cantarel et al. 2008) (an analysis of 
the whole genome will be published elsewhere). To improve annotation of the microarray, ESTs 
were mapped to the M. rotundata MAKER gene predictions and orthology was determined 
between M. rotundata MAKER gene predictions and both A. mellifera and D. melanogaster 
using top reciprocal BLAST and one-way BLAST as follows. To map ESTs to the M. rotundata 
genome, each EST was blasted against the M. rotundata MAKER gene predictions using blastn 
(e-value<1-6) and then the top M. rotundata MAKER gene prediction was blasted back against 
the ESTs. Top reciprocal matches were identified as those M. rotundata MAKER gene 
predictions whose top hit was the same EST for which it was the top hit. If no top reciprocal 
BLAST match was found, the top one-way BLAST hit identified by blasting the EST sequence 
against the M. rotundata MAKER gene predictions using blastn (e-value<1-6) was used. Out of 
45,578 ESTs, 7,964 had a top reciprocal BLAST match to the M. rotundata MAKER gene 
predictions, 11,707 had a one-way BLAST match, and 25,906 could not be mapped. This 
resulted in 15,873 probes on the microarray annotated to a M. rotundata MAKER gene 
prediction out of 26,803 total probes on the array. Orthology between M. rotundata MAKER 
gene predictions and A. mellifera genome gene models (“prerelease2”: 
amel_OGSv1.1_transcript) and D. melanogaster genome gene models (Release 5.49: dmel-all-
CDS-r5.49) were determined in the same hierarchical way except if a top reciprocal BLAST 
match was not found using blastn, blastp was used (e-value<1-6) and then if a top one-way 
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BLAST match was not found using blastn, blastp was used (e-value<1-6). When blastp was used 
the search and query sequences were predicted protein sequences (A. mellifera prerelease2: 
amel_OGSv1.1_pep  D. melanogaster Release 5.49: dmel-all-translation-r5.49). Of the 15,873 
probes on the array with M. rotundata MAKER gene predictions, 15,403 had an A. mellifera 
annotation and 14,314 had a D. melanogaster annotation. This resulted in the representation of 
5,287 (47% of genome) M. rotundata genes, 4,723 (44% of genome) A. mellifera genes, and 
4,070 (29% of genome) D. melanogaster genes on the array. 
 
Microarray Analysis. Microarray data pre-processing and statistical analyses were done in R 
using the limma package (Smyth 2005). Background flourescence was low and similar among 
arrays; therefore no correction for background was done. Because only one sample was 
hybridized to each microarray slide, the single-channel expression values were normalized with 
the quantile method (Smyth and Speed 2003) then log2 transformed. To account for multiple 
testing, the False Discovery Rate method was used to calculate adjusted p-values separately for 
each test (Benjamini and Hochberg 1995). 
A 2x2 factorial model, with the main effects of nesting phase and mating status, was fit in 
limma, accounting for variation due to differences among microarray slides. Lists of 
differentially expressed genes (DEGs) were created based on the annotation (as described above) 
of probes that showed differential expression due to the main effects, resulting in the “Nesting 
Phase” and “Mating Status” gene lists. Four pairwise comparisons were conducted to investigate 
the effect of nesting phase (pre-nesting or nesting) within each mating status group (virgin or 
mated), resulting in the “Nesting Phase Virgin” and “Nesting Phase Mated” gene lists, and the 
effect of mating status (virgin or mated) within each nesting phase group (pre-nesting or 
nesting), resulting in the “Mating Status Pre-nesting” and “Mating Status Nesting” gene lists.  
I searched for functional enrichment of Gene Ontology (GO) categories in the lists of 
DEGs from each test using the functional annotation tool on the DAVID website (Dennis et al. 
2003). GO categories were assigned based on orthology to D. melanogaster. The background list 
to which gene lists were compared contained all genes represented on the microarray. Categories 
were considered to be enriched in a list at a significance level of P<0.05.  
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Gene List Comparisons. The M. rotundata Nesting Phase gene list was compared to  
“Eusocial” gene lists that assayed brain gene expression associated with caste differences in 
eusocial species. All gene lists were compared based on A. mellifera orthologs that were 
independently determined in each study and only genes that were assayed in both studies in a 
comparison were considered in the analysis. A one-tailed hypergeomentric test (phyper in R) was 
used to test whether there was a significant overlap in the DEGs from each study given the 
background of the genes assayed in both studies (Alaux et al. 2009b, Toth et al. 2010).   
The Eusocial gene lists came from previously published gene expression studies in three 
species, the highly eusocial honey bee, A. mellifera and two primitively eusocial species, the 
bumble bee Bombus terrestris and the paper wasp Polistes metricus. All three species represent 
independent origins of sociality (Fischman et al. 2011). Highly eusocial species have large 
colonies with extremely specialized and distinct castes while primitively eusocial species have 
smaller colonies with less differentiation among castes and overt conflict over reproduction 
(Woodard et al. 2011). Primitively eusocial colonies contain four adult female groups. 
“Foundresses” initiate new colonies at the beginning of the season, are reproductive and perform 
brood care. After successfully rearing a set of adult worker offspring, foundresses transition into 
“queens” that are reproductive but do not perform brood care. “Workers” are non-reproductive 
and perform brood care. “Gynes” are future reproductive females that emerge at the end of the 
season and overwinter to become foundresses the following season. Gynes are non-reproductive 
and do not perform brood care (Toth et al. 2010). 
The Nesting Phase gene list was compared to Eusocial gene lists that investigated brain 
gene expression associated with maturation, reproductive status, and brood care. These studies 
are described in more detail in Table 5.1. There were four Eusocial lists associated with adult 
behavioral maturation from studies in A. mellifera which compared workers and drones (male 
bees) of different ages.  
There were four lists associated with Reproductive Status from studies in A. mellifera, P. 
metricus, and B. terrestris that compared groups that differ in their reproductive status, but do 
not differ their performance of brood care. The Am Reproductive/Non-reproductive Worker and 
Pm Foundress/Worker lists compared groups that both perform brood care, but differ in 
reproductive status. The Pm Reproduction and Bt Reproduction lists compared the two 
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reproductive castes (Foundresses and Queens) with the two non-reproductive castes (Workers 
and Gynes), but in each grouping, one caste performs brood care and the other does not.  
There were three lists associated with Brood Care from studies in A. mellifera, P. 
metricus, and B. terrestris that compared groups that differ in their performance of brood care, 
but do not differ their reproductive status. The Am Queen/Reproductive Worker lists compared 
groups that are both reproductive, but differ in their performance of brood care. The Pm Brood 
Care and Bt Brood Care lists compared the two castes that perform brood care (Foundresses and 
Workers) with the two castes that do not (Queens and Gynes), but in each grouping, one caste is 
reproductive and one is non-reproductive.  
There were two lists that compared groups that differed both in reproductive status and 
brood care (Reproductive/Brood Care) from studies in A. mellifera and P. metricus. The groups 
were either reproductive and did not perform brood care or were non-reproductive and did 
perform brood care.  
There were two lists associated with division of labor within the worker caste 
(Nurse/Forager) in A. mellifera. This type of division of labor is usually only found in highly 
eusocial species. In A. mellifera, young workers (“nurses”) specialize on tasks inside the hive, 
including brood feeding, and then as they get older, workers transition into “foragers” who leave 
the hive to forage for pollen and nectar (Ament et al. 2010). The Am Nurse/Forager list attempted 
to separate the effect of behavior from age by identifying DEGs due to the main effect of 
behavior using samples of nurses and foragers from natural colonies across a range of ages and 
age-matched nurses and foragers from manipulated single-cohort colonies. The Am 17Day 
Hive/Forager compared 17-day-old-bees either collected from the hive center (assumed to be 
nurses) or as foragers returning to the hive with a pollen or nectar load.  
 
RESULTS 
Patterns of gene expression. The number of differentially expressed genes (DEGs) can be 
found in Table 5.2. An FDR corrected p-value cut-off of <0.05 was used to identify DEGs in all 
cases except for DEGs associated with mating status. There were no DEGs due to the main effect 
of mating status (Mating Status gene list) or in pairwise tests between pre-nesting mated and 
virgins (Mating Status Pre-nesting gene list) or nesting mated and virgins (Mating Status Nesting 
gene list) when an FDR correction was used. Therefore, a less conservative cut-off of the raw p-
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value<0.01 was used for these three lists. Even with the less conservative cut-off there were few 
genes associated with effect of mating status and many more associated with the effect of nesting 
phase (Nesting Phase gene list). Pairwise tests of nesting phase-related effects showed that more 
genes were affected by nesting phase within mated females (Nesting Phase Mated gene list) than 
within virgin females (Nesting Phase Virgin gene list). There was high overlap among the 
Nesting Phase-related lists; all of the genes except one on the Nesting Phase Virgin list were also 
on the Nesting Phase list and ~75% of the genes on the Nesting Phase Mated list were also on 
the Nesting Phase list (Figure 5.1A). For the gene lists associated with mating status, very few 
genes overlapped among the lists; there were no genes found on all three lists and only 1-2 genes 
were shared among any two lists (Figure 5.1B). Functional enrichment of Gene Ontology 
categories was investigated in the Nesting Phase gene list. Enriched categories were mainly 
associated with cell junction assembly, including innexin 3 and G-protein coupled receptor 
moody and ion transport, including the genes nervana 2 (sodium/potassium-transporting ATPase 
subunit beta-2) and malvolio (Table 5.3).  
 
Gene list comparisons. The Nesting Phase gene list overlapped significantly with many 
Eusocial gene lists (Table 5.4). Significant overlaps were found with lists from A. mellifera and 
P. metricus, however, there was no significant overlap with either of the two B. terrestris lists 
analyzed. Among the four eusocial gene lists associated with maturation, there was significant 
overlap with the Am Preforaging Worker Maturation (P<0.05) and the Am Worker + Drone  
Maturation (P<0.01) lists, and there was not a significant overlap with the Am Drone-specific or 
Worker-specific Maturation lists. Among the Eusocial lists associated with reproductive status 
and brood care, the strongest overlaps were seen with the lists that compared groups that were 
reproductive and did not perform brood care to groups that were non-reproductive and did 
perform brood care (Reproductive/Brood Care). There was also significant overlap with two of 
the four lists associated with Reproductive Status, one of the three lists associated with Brood 
Care, and one of the two lists associated with worker division of labor (Nurse/Forager).    
To identify specific genes that are consistently associated with both solitary and eusocial 
traits, I searched for genes that were differentially expressed across multiple studies. I identified 
genes that were on the M. rotundata Nesting Phase list and found in all studies associated with 
one of the five categories of Eusocial gene lists (Table 5.5). There were seven overlapping genes 
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associated with Maturation, no overlapping genes associated with Reproductive Status, one 
overlapping gene associated with Brood Care, seven overlapping genes associated with 
Reproductive/Brood Care, nine overlapping genes associated with Nurse/Forager, and. There 
were no genes that overlapped among the lists associated with Reproductive Status due to a lack 
of overlap with genes on both the A. mellifera and P. metricus lists, or with genes on the B. 
terrestris and P. metricus Reproduction lists. I therefore focused on two 3-way overlaps, the first 
between Mr Nesting Phase, Bt Reproduction, and Am Reproductive/Non-reproductive Worker 
list which had 1 overlapping gene and the second between Mr Nesting Phase, Bt Reproduction, 
and Pm Foundress/Worker which had 4 overlapping genes. There were several genes that also 
overlapped among all lists in multiple categories. 
 
DISCUSSION 
 I have identified patterns of brain gene expression in a solitary bee associated with adult 
female reproduction. Nesting phase affected brain gene expression, with hundreds of genes 
showing differences between pre-nesting and nesting individuals. By contrast there were 
virtually no differences in brain gene expression between mated and virgin individuals. Using 
comparative transcriptomic analyses I also found common sets of genes associated with related 
solitary and eusocial hymenopteran behaviors across independent origins of eusociality. 
Although there are many differences in gene expression between solitary and eusocial species, 
this comparative approach highlights some genes that might have been involved in evolutions of 
eusociality.  
Nesting phase had a strong effect on M. rotundata adult brain gene expression, however 
the gene list was smaller than most of the gene lists from studies of eusocial brain gene 
expression. Methodological and technological differences among the studies likely had an effect 
on gene list size. There may also be biological differences between solitary and eusocial species 
that cause variation in gene list size. In general, individuals in eusocial species intensely 
specialize on distinct behaviors for long periods of time, whereas individuals in solitary species 
dynamically switch among behaviors. For example, eusocial queens perform the singular 
behavior of laying eggs for most of their lives, while a nesting solitary female may cycle through 
laying eggs, building brood cells, and foraging over the course of one day. Perhaps this 
	   131	  
difference in the tempo of behavioral plasticity is associated with differences in the relationship 
between brain gene expression and behavior between solitary and eusocial species.  
In contrast to nesting phase, mating status had a very weak effect on M. rotundata brain 
gene expression. Large transcriptional responses to mating have been observed in other insects 
(McGraw et al. 2008, Rogers et al. 2008, but see: Gomulski et al. 2012), including honey bee 
queens (Kocher et al. 2008, Kocher et al. 2010). Mating status differs between castes in many 
eusocial species and has been hypothesized to play a role in eusocial evolution (Yanega 1989, 
Lucas and Field 2013). However, virgin and mated M. rotundata females both actively nest and 
lay eggs because M. rotundata, like all hymenopterans, is haploid-diploid and virgin females are 
able to reproduce by laying unfertilized eggs which result in male offspring. This suggests that 
the behavior and physiology of virgin and mated M. rotundata are similar and our study 
reinforces this idea by showing that virgin and mated females also have similar patterns of brain 
gene expression. Therefore, it does not seem likely that mating status could provide an ancestral 
ground plan of behavioral variation from which eusocial caste differences could evolve. 
The M. rotundata Nesting Phase list captured gene expression patterns associated with 
females that were expressing reproductive and brood care behaviors simultaneously. In eusocial 
species, individuals typically specialize either on reproduction or brood care and most of the 
eusocial gene lists represent genes associated with only one of these behaviors. However, I found 
significant overlaps between the M. rotundata Nesting Phase list and many of the eusocial lists 
associated with either reproduction or brood care. This suggests that there may be distinct 
genetic modules associated with each behavior in solitary bees that could have been decoupled 
during eusocial evolution to be expressed exclusively in one caste (West-Eberhard 1996, 
Johnson and Linksvayer 2010). Genes that were common to the M. rotundata Nesting Phase list 
and all of the eusocial gene lists associated with one of these eusocial contexts are strong 
candidates for genes that may comprise modules for eusocial behavior. Another strong candidate 
gene on the M. rotundata Nesting Phase list is the manganese transporter malvolio. It has been 
suggested that malvolio is part of a genetic toolkit for eusocial worker division of labor because 
it is involved in feeding-related behavior in D. melanogaster and has been strongly associated 
with the nurse to forager transition in A. mellifera (Ben-Shahar et al. 2004, Toth and Robinson 
2007, Bloch and Grozinger 2011). Malvolio also showed differences in brain gene expression 
among castes in the bumble bee B. terrestris (Woodard 2012), but not the paper wasp P. 
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metricus (Toth et al 2007). The M. rotundata Nesting Phase list captured differences between 
young bees foraging for their own sustenance and older bees foraging to provision brood cells. 
This suggests that the evolution of malvolio function from regulating ancestral feeding behaviors 
to regulating “social foraging” may have occurred before the evolution of eusociality in solitary 
species that forage to provision brood cells for their offspring.  
Overall, comparisons between the M. rotundata Nesting Phase gene list and eusocial 
gene lists associated with maturation, reproductive status, and brood care revealed some common 
and some unique patterns of brain gene expression across the species and contexts. The M. 
rotundata list showed significant overlap with genes associated with brood care and reproductive 
status in the more distantly related wasp, P. metricus, than the more closely related bumble bee, 
B. terrestris. The M. rotundata list also significantly overlapped with genes that were common to 
maturation in both worker and drone honey bees, but not with genes that were unique to only 
worker or only drone maturation. This pattern of both shared and unique molecular signatures 
has also been found in other comparative molecular studies of eusociality (Toth et al. 2010, 
Woodard et al. 2011, Zayed et al. 2012). These results suggest that there are multiple molecular 
routes to eusociality, but certain ancestral molecular mechanisms are often involved.   
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FIGURES AND TABLES 
Figure 5.1. Effects of Nesting Phase and Mating Status on M. rotundata brain gene 
expression. A. Overlap among DEGs due to the main effect of nesting phase and pairwise 
comparisons of nesting phase within mated or virgin females. B. Overlap among DEGs due to 
the main effect of mating status and pairwise comparisons of mating status within pre-nesting or 
nesting females. 
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Table 5.1. Description of Eusocial gene lists used in comparisons with the M. rotundata Nesting Phase gene list.
!
!! "#!
Table 1. Description of Eusocial gene lists used in comparisons with the M. rotundata Reproductive Status gene list !
  Eusocial Gene List Name List Description Species Citation 
Maturation    
 Am Preforaging Worker Maturation 4 vs. 8 day old Hive Workers A. mellifera Whitfield et al. 2006 
 Am Behavioral Maturation Worker + Drone 1 vs. 21 day old Workers and Drones (ANOVA main effect of Maturation) A. mellifera Zayed et al. 2012 
 Am Behavioral Maturation Worker-Specific 1 vs. 21 day old Workers (excluding DEGs shared with Drones) A. mellifera Zayed et al. 2012 
  Am Behavioral Maturation Drone-Specific 1 vs. 21 day old Drones (excluding DEGs shared with Workers) A. mellifera Zayed et al. 2012 
Reproductive Status    
 Am Reproductive/Non-reproductive Worker 10 day old cage-reared Workers with developed ovaries (Reproductive) vs. 
Workers with undeveloped ovaries (Non-reproductive) 
A. mellifera Grozinger et al. 2007 
 Pm Foundress/Worker Foundresses (Reproductive) vs. Workers (Non-reproductive) P. metricus Toth et al. 2010 
 Pm Reproduction Foundresses and Queens (Reproductive) vs. Workers and Gynes (Non-
reproductive) (ANOVA main effect of Reproductive Status) 
P. metricus Toth et al. 2010 
  Bt Reproduction Foundresses and Queens (Reproductive) vs. Workers and Gynes (Non-
reproductive) (ANOVA main effect of Reproductive Status) 
B. terrestris Woodard et al. accepted 
Maternal Care    
 Am Queen/Reproductive Worker 10 day old cage-reared Virgin Queens (Maternal Care No) vs. Workers with 
developed ovaries (Maternal Care Yes) 
A. mellifera Grozinger et al. 2007 
 Pm Maternal Care Queens and Gynes (Maternal Care No) vs. Foundresses and Workers 
(Maternal Care Yes) (ANOVA main effect of Maternal Care) 
P. metricus Toth et al. 2010 
  Bt Maternal Care Queens and Gynes (Maternal Care No) vs. Foundresses and Workers 
(Maternal Care Yes) (ANOVA main effect of Maternal Care) 
B. terrestris Woodard et al. accepted 
Reproductive/Maternal Care    
 Am Queen/Non-reproductive Worker 10 day old cage-reared Virgin Queens (Reproductive, Maternal Care No) vs. 
Workers with undeveloped ovaries (Non-reproductive, Maternal Care Yes) 
A. mellifera Grozinger et al. 2007 
  Pm Queen/Worker Queen (Reproductive, Maternal Care No) vs. Workers (Non-reproductive, 
Maternal Care Yes) 
P. metricus Toth et al. 2010 
Nurse/Forager    
 Am Nurse/Forager 7-10 day old Nurses and 14-21 day old Foragers from natural colonies and 
age-matched Nurses and Foragers from single cohort colonies  
A. mellifera Alaux et al. 2009a 
 Am 17Day Hive/Forager 17 day old (age-matched) Hive Workers and Foragers from natural colonies A. mellifera Whitfield et al. 2006 !
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Table 5.2. Number of differentially expressed genes (DEGs) in M. rotundata due to nesting 
phase and mating status. Mr column gives the number of differentially expressed M. rotundata 
MAKER gene predictions; Am and Dm columns give the number of A. mellifera and D. 
melanogaster orthologs identified for the M. rotundata MAKER gene predictions in the gene 
list, respectively.  
    
DEGs 
 Gene list name              Comparison Mr Am Dm Significance 
Main Effects 
      
 
Nesting Phase Pre-nesting vs. Nesting 223 206 184 FDR<0.05 
 
Mating Status Virgin vs. Mated 22 22 22 P<0.001 
Pairwise Tests 
       
 
Nesting Phase Mated Mated Pre-nesting vs. Mated Nesting 131 121 110 FDR<0.05 
 
Nesting Phase Virgin Virgin Pre-nesting vs. Virgin Nesting 17 15 14 FDR<0.05 
 
Mating Status Pre-nesting Pre-nesting Virgin vs. Pre-nesting Mated 25 22 21 P<0.001 
  Mating Status Nesting Nesting Virgin vs. Nesting Mated 35 33 28 P<0.001 
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Table 5.3. Functional enrichment of Gene Ontology (GO) categories in the Nesting Phase 
gene list. Categories with <4 genes were excluded. 
GO Biological Process GO ID 
# 
Genes 
Fold 
Enrichment P-value 
Amine catabolism 
    
 
amine catabolic process GO:0009310 4 4.8 0.0471 
 
cellular amino acid catabolic process GO:0009063 4 5.3 0.0352 
Cell junction 
    
 
apical junction assembly GO:0043297 4 4.8 0.0471 
 
cell-cell junction assembly GO:0007043 4 4.8 0.0471 
 
cell junction assembly GO:0034329 4 4.8 0.0471 
 
septate junction assembly GO:0019991 4 7.6 0.0133 
Ion transport 
    
 
cation transport GO:0006812 8 2.4 0.0428 
 
ion transport GO:0006811 13 2.8 0.0018 
 
inorganic anion transport GO:0015698 4 7.6 0.0133 
KEGG Pathway 
    
 
Retinol metabolism dme00830 4 8.0 0.0102 
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Table 5.4. Comparison between the M. rotundata Nesting Phase gene list and Eusocial gene 
lists associated with behavioral maturation, reproductive status, and brood care. 
Hypergeometric tests for significant overlap between M. rotundata gene list and Eusocial gene 
list. Significant comparisons are indicated by *(P<0.05) **(P<0.01). Eusocial gene lists are 
described in more detail in Table 5.1. 
 
Eusocial Gene List 
 DEGs 
Overlap 
Mr 
total 
DEGs 
Eusocial  
total 
DEGs 
Assayed 
genes 
overlap P-value  
Maturation             
 Am Preforaging Worker Maturation 11 80 130 1631 0.0214 * 
 Am Worker + Drone Maturation  74 128 1276 2667 0.0081 ** 
 Am Drone-Specific Maturation  32 128 669 2667 0.4612 
 Am Worker-Specific Maturation  11 128 226 2667 0.4008 
Reproductive Status             
 Am Reproductive/Non-reproductive Worker 6 79 51 1630 0.0099 ** 
 Pm Foundress/Worker 13 91 136 1934 0.0036 ** 
 Pm Reproduction 2 91 34 1934 0.2130 
  Bt Reproduction 32 121 806 2651 0.8063  
Brood Care       
 Am Queen/Reproductive Worker 32 79 560 1630 0.0977 
 Pm Brood Care 12 91 122 1934 0.0037 ** 
 Bt Brood Care 14 121 265 2651 0.2227  
Reproductive/Brood Care            
 Am Queen/Non-reproductive Worker 44 79 565 1630 0.0000 ** 
  Pm Queen/Worker 14 91 114 1934 0.0002 ** 
Nurse/Forager       
 Am Nurse/Forager 41 204 647 4634 0.0050 ** 
 Am 17Day Hive/Forager  38 80 847 1631 0.7578 
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Table 5.5. Genes that overlapped between M. rotundata Nesting Phase list and Eusocial lists 
associated with maturation, reproductive status, and brood care. A. Maturation,                    
B. Reproductive Status (Bt Reproduction × Am Reproductive/Non-reproductive Worker,             
C. Reproductive Status (Bt Reproduction × Pm Foundress/Worker), D. Brood Care,                    
E. Reproductive/Brood Care, F: Nurse/Forager 
Eusocial gene lists 
   
A B C D E F Gene GB Function 
✔  ✔    CDK12 GB17558 protein kinase, mRNA splicing  
✔     ✔ pcmt GB10882 protein repair, protein-L-isoaspartate O-
methyltransferase 
✔     ✔ GABA neurotransmitter 
transporter-1A 
GB19372 GABA neurotransmitter signaling 
✔      pHCL GB11444 ligand-gated ion channel 
✔      cg32121 GB14319 zinc ion binding 
✔      miple GB17919 heparin-binding growth factor, starvation 
response, aggression 
✔      coronin GB20076 actin binding 
 ✔     sugarless GB15000 UDP-glucose transferase 
  ✔    tetraspanin 2  GB10610 integral membrane protein 
  ✔    SID1 transmembrane 
family member 1 precursor 
GB14331 systemic RNAi 
  ✔    cg1518 GB15818 oligiosaccharyl transferase activity, starvation 
resistance 
   ✔   cg6693 GB18305 J domain-containing protein, heat shock 
    ✔ ✔ cg31974 GB11814 unknown 
    ✔ ✔ nervana 2 GB15097 sodium/potassium-transporting ATPase 
    ✔  PPT2  GB11628 palmitoyl-protein Thioesterase 2, fatty acid 
elongation 
    ✔  vitellogenin GB13999 egg yolk protein 
    ✔  gb14166 GB14166 unknown 
    ✔  EAAT2 GB16377 glutamate transporter 
    ✔  Lk6 GB17530 protein kinase, nutritional signaling, 
adult/larval starvation response  
     ✔ cg9706 GB10219 acetyl-CoA transporter activity 
     ✔ cg3036 GB11361 ion transport, oxidative stress resistance 
     ✔ UDP-glucose 4-epimerase GB11815 galactose metabolism 
     ✔ cg6847 GB13155 lipid metabolism 
     ✔ CAH1 GB15888 Carbonic anhydrase 
 
 
 
 
